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Abstract: This paper presents an improved voltage flux-weakening strategy of a permanent magnet
synchronous motor (PMSM) in a high-speed operation. The speed control performance using voltage
flux-weakening control is not affected by the motor parameters, so it is used in various motors for
high-speed operations. In general, the voltage flux-weakening control uses voltage references to
generate a flux axis current reference. However, there may be errors between the voltage reference
and the actual voltage flowing into the motor. This causes an error in the current reference generation
and reduces the efficiency of the inverter and motor due to the use of more current. In this paper, the
problems that can occur due to voltage errors were analyzed through theoretical approaches and
simulations, and improved voltage flux-weakening control to resolve these problems was presented.
This method’s advantage is that the error between the voltage reference and the voltage applied to
the motor can be minimized, and the target speed can be reached with minimum current. As a result,
it was possible to increase the energy efficiency by reducing the amount of current flowing through
the motor. The effect of the improved voltage-based flux-weakening control method was verified
through simulations and experiments. As a result, the voltage errors were reduced by approximately
2.16% compared to the general method. Moreover, the current used in the field-weakening control
region was reduced by up to 27.17% under the same torque condition.

Keywords: flux-weakening control; high-speed operation; permanent magnet synchronous motor
(PMSM); voltage closed-loop control

1. Introduction

Various policies are being established worldwide for sustainable production and
consumption of energy to minimize the detrimental effects of fossil fuels; this involves
reducing carbon emissions and using green energy [1,2]. In particular, machines propelled
using fossil fuels, such as automobiles, railways, and ships are being replaced by electrical
motors to solve the problem of environmental pollution [3-7].

Various motors are used in such propulsion systems, depending on their purpose
or capacity, such as induction motor synchronous motor, and brushless DC motors. Re-
cently, various studies have been conducted using permanent magnet synchronous motors
(PMSMs), which have the advantages of high efficiency, high power density, and high
reliability compared to other motors [8-12].

Motors used in propulsion systems must perform high-speed operations above the
rated speed when necessary [13,14]. In the case of PMSMs, flux-weakening control, which
reduces the magnitude of the effective magnetic flux in the air gap by generating a new
magnetic flux in the direction opposite to that of the existing magnetic flux, is used to enable
high-speed operation [15-18]. Various studies have been conducted on the high-speed
operation of motors. In the early days, a method was used to reduce the magnetic flux
component current in inverse proportion to the rotor speed [19]. However, this method
has a disadvantage in that the surplus voltage required for vector control is not enough.
Accordingly, vector control might be inaccurate, leading to difficulty in driving the motor.
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To overcome these shortcomings and perform accurate motor speed control, an op-
timal current control method using voltage limiting conditions and current limiting con-
ditions has been proposed [20,21]. This method expresses the maximum magnitude of
voltage that can be applied to the motor and the maximum magnitude of current that can
flow into the motor as circles. It determines the most appropriate current point to drive
the motor to control the speed, thereby enabling the user to sufficiently obtain the output
torque ability of the motor. In addition, a method of controlling the motor by conducting
various experiments on the motor and making the characteristics of the lookup table was
used [22-24]. However, it has shortcomings in that it requires accurate information on
parameters because it is sensitive to changes in motor parameters, and the control design
is complicated because the variation characteristics of magnetizing inductance should be
considered. To address these problems, various control methods that are less affected by
the motor parameters using voltage feedback have been studied [25,26]. Among them, the
voltage flux-weakening control was studied for controlling the flux [27,28]. This method
carries out flux-weakening control using the magnitude of the voltage applied to the motor.
It has advantages in that it is robust against change factors because it does not use motor
parameters and the control design is simple. However, owing to motor control charac-
teristics, the indirect voltage-based flux-weakening control method is mainly used. This
method does not directly measure the voltage applied to the motor but indirectly calculates
the voltage using the output of PI controller [29]. The disadvantage of this method is that
the speed control may not be precise if an error occurs between the predicted magnitude of
voltage and the actual voltage applied to the motor.

Accordingly, in this study, we considered the possibility that an error may occur
between the previously used voltage command and the voltage flowing into the motor
when the voltage-based flux-weakening control method is applied. In addition, problems
caused by voltage errors were described using theoretical approaches and simulations.
A method to resolve such problems was proposed, and its effect was verified through
simulations and empirical experiments.

This research work is structured in different sections. Section 2 details the algorithm
for basic voltage weak flux control. Moreover, the voltage error of conventional voltage
flux-weakening control will be explained theoretically. Additionally, how the current
changes due to a voltage error is explained. Section 3 describes the algorithm of the
proposed voltage flux-weakening control. The design process of the proposed voltage
flux-weakening control is explained and the effect is analyzed through simulation. In
Section 4, the experimental results are verified and analyzed to validate the effectiveness of
the proposed voltage flux-weakening control. Finally, Section 5 concludes the paper.

2. Analysis of the Application of Voltage-Based Flux-Weakening Control and Offset
Voltage PWM

2.1. Application of Voltage-Based Flux-Weakening Control and Offset Voltage PWM

At present, vector control is mainly used to control motors. Vector control is a method
to convert the three-phase voltage and current that change over time into time-invariant
voltage and current components and control each component, which enables precise speed
control as instantaneous motor speed control is possible.

Figure 1 shows a block diagram of the control using the voltage-based flux-weakening
control and offset voltage PWM method among the vector controls used in synchronous
motors. Vector controls measure the three-phase current flowing into the synchronous
motor and convert it into d-axis (flux component) and g-axis (torque component) current
components using the DQ transform. The converted current components create an error
between the d-axis current reference and the g-axis current reference required for the
synchronous motor to reach the target speed, and the amount of voltage is manipulated
through the PI controller to control the speed of the synchronous motor. The performance
variation is observed in the area where the motor is operated at high speed, depending on
the algorithm applied to the flux-weakening control block and the PWM occurrence block.



Energies 2021, 14, 7464

30f15

Flux-weakening *

Based on the Voltage Control Vo v
dc
A .
V* ¥ —
* v(]&’ T vqs -

-7
ldx >
Pl > Offset >
Controller Voltage > Vol
PWM >
i i
ds <’
. DQ I
lys | Transform [ [ ®
)

fo

Figure 1. Block diagram of typical voltage-based flux-weakening control.

In this study, the voltage-based flux-weakening control and offset voltage PWM
methods were simultaneously applied to maximize the magnitude of the voltage applied
to the motor without being affected by the motor parameters.

When these two methods are applied simultaneously, the algorithm design is more
straightforward than that of the flux-weakening control method using space vector PWM
(SVPWM) and motor parameters. Thus, it provides the advantage of shortening the time
to control, and the voltage can be controlled even in a particular overmodulation area.

However, when the general voltage-based flux-weakening control method and the
offset voltage PWM method are simultaneously applied, an error may occur between the
voltage applied to the motor in the overmodulation area and the predicted voltage used
for the flux-weakening control. Owing to this error, the amount of current flowing through
the motor can increase, leading to increased related losses.

2.2. Analysis of Command Voltage Following the Application of Offset Voltage PWM

The general voltage-based flux-weakening control uses the voltage value (v;) calcu-
lated using vg; and U;Zr which are the control inputs of the current PI controller. When
voltage-based flux-weakening control and SVPWM are used in combination, there is no
error between v; and the actual voltage applied to the motor.

However, in the case of methods that use triangular signals as carrier signals, such as
sinusoidal PWM (SPWM) and offset PWM, errors may occur between v} and the voltage
applied to the motor.

Figure 2 shows a block diagram of the detailed control of the offset PWM. In Figure 2,
it can be seen that Uf;s and vf;;, which are the control inputs of the current PI controller, are
changed from two-phase voltage commands to three-phase voltage commands (v, vy, v7)
through the inverse DQ transform. These are in turn converted into voltage commands (v},
v, V%) injected with signals in the form of three harmonic waves through the reference
generator, which can increase the maximum amplitude of the fundamental wave voltage
applied to the motor. Thereafter, the voltage commands are converted into the final voltage
commands (v}, vy, v;.) through the limiter that limits the voltage commands so as to
not exceed the maximum amplitude of the carrier waves. Figure 3 shows the waveforms
converted by the voltage command generated during this process.
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Figure 2. Block diagram of detailed control of offset PWM.
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Figure 3. Graphs for voltage commands in the event of overmodulation.

Figure 3 shows the graphs for various voltage commands in the overmodulation area,
where the magnitudes of the voltage commands were outside the area where they could be
linearly controlled. Here, the maximum magnitudes of v}, UZ/ and v} were set to 1 (p.u),
and this was normalized to be the same as V;.. When the motor is controlled using a
general two-level three-phase voltage source inverter (VSI), the maximum magnitude of
the triangular waves used in the comparator is expressed as V. /2.

Figure 4 shows the changes in v}, when v} is changed from 0 (p.u) to 1.0 (p.u) in the
environment where the offset voltage PWM shown in Figure 2 is applied. In Figure 2, it
can be seen that the magnitude of the fundamental wave increases linearly without any
difference from v}, when v is not larger than approximately 0.5774 (p.u). This area is
referred to as a “linear modulation area”.
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Figure 4. Graph representing the changes in v, with respect to command voltage v}
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The difference between v/ and v, occurs when v/ is approximately 0.5774 (p.u) or
higher, and it can be seen that the difference increases as v/ increases. The area where the
magnitude of the fundamental waves increases nonlinearly is called an “overmodulation
area”. When overmodulation occurs, the maximum magnitude of v, is limited by the
limiter, as shown in Figure 3, and as v/ increases, v}, is converted into a trapezoidal
shape [30].

Because the maximum magnitude of the fundamental waves generated using a perfect
square wave is approximately 0.6366 times [31] of Vj,, it can be seen that when ¢ is applied
as 0.6366 (p.u), v, is approximately 0.604 (p.u). In this case, the difference between the two
voltage commands is approximately —0.0323 (p.u). When v/ is applied as 0.604 (p.u), it
can be observed that v}, is approximately 0.594 (p.u), and the error, in this case, is estimated
to be approximately —0.0323 (p.u). Hence, the use of o/ in voltage-based flux-weakening
control causes an error with respect to the actual voltage applied to the motor.

2.3. Analysis of Current Changes According to Voltage Error

If the voltage command converted into a trapezoidal shape is not considered, an
error occurs between the voltage applied to the motor and the calculated voltage used for
voltage-based flux-weakening control. This results in a voltage different from the intended
voltage being applied to the motor, leading to a higher current flow than needed to generate
torque, as shown in Figure 4. A theoretical approach should be used to examine changes in
the amount of currents according to the voltage error. First, the equations of the limiting
conditions for current and voltage are as follows [20]:

2 2 2
Ups~ + Vgas™ < Vemax 1)

igsz + ngz < Ismax2 2)
where i and ij, are d-axis component of stator current and g-axis component of stator
current in the rotor reference frame, respectively.

Equations (1) and (2) represent the voltage-limiting condition and current-limiting
condition, respectively. Equation (1) indicates that the magnitude of the command voltage
generated by the PI controller is limited such that it does not exceed the circle whose
radius is Vsmay. Equation (2) is the current-limiting condition wherein the magnitude of the
current applied to the motor is limited such that it does not exceed the circle with a radius
of Ismax. The torque of the PMSM during vector control can be expressed as follows [32]:

T = 5o (La = L)l + Asii | X

where L; and Ly are the direct axis and the intersecting axis inductance, respectively. A is
the rotor flux.

The surface-mounted permanent magnet synchronous motor (SPMSM) has the fol-
lowing characteristics due to the motor structure:

Ly =L, 4)
The torque Equation (3) can be transformed by considering Equation (4), as shown below:

3P . .
Te - EE)\fl;S (5)

To calculate the amount of current generated owing to the error of the calculated
voltage, Equation (5) can be transformed into an equation of iz as shown below:

(6)

|
1IN
2|
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where, if A Fis used as a fixed variable that does not change, it can be observed that ifls is
changed only by T..

To determine the current required for T according to Vs;,ax and motor speed, Equation (1)
can be modified using the steady-state voltage equation for the PMSM as follows:

<\ 2 e 2
((UquSi;S) + (erdslss + (Ur)\f) < Vsmaxz ()

Ly=L; =L, ®)

the above expression can be transformed into an expression for 7}, as follows:

L1 Vimax | L \2
we () )y <9>

where if Ls and A £ are assumed to be fixed variables, it can be seen that i/, is affected by
voltage and speed. Accordingly, a graph when Equations (1), (2), (7) and (9) are used,
shown Figure 5.

CE— CE—
smax1 smax 2 qs

Figure 5. Voltage limiting circles according to changes in speed and voltage.

Figure 5 shows the voltage limiting circles according to the speed and voltage of the
motor when a fixed T, is applied to the SPMSM. Where V.1 is greater than V.0 and
w» is greater than wj. Point A is where the motor is controlled so as not to exceed Viax
and T, i,’{;, and the voltage limiting circle meet simultaneously. Point A is the speed at
which the flux-weakening control starts. The current point is controlled such that the motor
does not exceed Vuy owing to the current-limiting circle and the voltage-limiting circle.
When the speed increases from w; to wy, the current moves from point A to point C.

However, it can be seen that the sizes of the voltage- limiting circle are different
according to Vsax, even when the speed is same, as shown in Equation (9) and Figure 5.
Points A and B are on voltage limiting circles drawn at the same speed. However, the
smaller the fundamental wave voltage applied to the motor, the smaller is the voltage
limiting circle. This implies that the controlled current point may vary depending on the
Vsmax that can be applied to the motor. In the case where the current point of the ideal
flux-weakening control is point A, if an error occurs in the calculated voltage such that a
voltage smaller than the actual voltage is applied to the motor, the motor will be controlled
with the current point at point B. This will increase the copper loss of the motor because
more current is used at the same speed.



Energies 2021, 14, 7464

7 of 15

A similar result was obtained when the motor speed was increased to w;. Although
the ideal current control point at wy is point C, an error occurs in the calculated magnitude
of Vimax such that the motor is controlled with the current point at point D. This also
increases the copper loss because the current required to control the motor increases. Thus,
the magnitudes of the current according to speed when the command voltages v¢" and v,
are used can be illustrated, as shown in Figure 6.

1 -0.01
0.9 10
08} — 1 -0.01
s
< 0. — [T 4 -0.02
= 07 lw
= C. =
$ 06 i —i 003 <
t s sn ~—
3 g 5
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o 04 4 -005 ..~
=
0.3 1 -0.06
0.2 /I 4 -0.07
0.1 -0.08
0 -0.09

005 1 152 25 3 354 45 5 556 65 7 75
Motor Speed (kprm)

Figure 6. Graph of changes in the current according to Vsax-

Figure 6 shows a graph expressing the changes in the current of the motor according
to the Viyax used. Equations (1)—(9) were used to express Figure 6, and the changes in
current when a load of T, = 0.07 (Nm) is constantly applied to a motor with parameters
Af=0.0617 (Wb) and Ls; = 110 (mH) are expressed, where, is refers to the current when

v is used as the voltage of the flux-weakening control, and iy, represents the current when

vs, is used as the calculated voltage.

In Figure 6, it can be seen that no error occurred between the two currents before
the flux-weakening control began. However, differences between them occurred from
the moment when the flux-weakening control was implemented. When the motor was
controlled at 7500 (rpm), is was approximately 0.6517 (A), and is; was approximately
0.5719 (A). These are approximately 13.96(%) higher than the actual required current. Thus,
it can be seen that the more the errors that occur in the calculated voltage used in the
flux-weakening control, the higher the current applied to the motor.

Accordingly, a method to minimize the calculated voltage while performing voltage-
based flux-weakening control is necessary.

3. Design and Verification of Improved Voltage-Based Flux-Weakening
Control Algorithm

In this study, an improved indirect voltage-based flux-weakening control method, as
shown in Figure 7, was proposed to overcome the aforementioned problems. This method
reduces the voltage error applied to the PMSM in the overmodulation area by changing
the voltage used in the voltage-based flux-weakening control.

4
#9 v* *
Vs I Van
s _error - am pl ng . ) 2 i DQ Vlb vb"
Ratio 1< Vs Vs Vais Transform %
Compensator < Vi LPF cn

Figure 7. Block diagram of the improved indirect voltage-based flux-weakening control.
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The improved indirect voltage-based flux-weakening control uses v}, v;,, and v7,,
as shown in Figure 5. When the voltage is calculated using only vy, v}, and vf,, the
voltage of the DC component, including the AC component, is calculated considering the
harmonics generated in the trapezoidal shape. This may act as an element that lowers
the accuracy of the PI controller in the overmodulation area. Therefore, an additional
algorithm is required. Accordingly, a low-pass filter and a damping ratio compensator may
be configured to filter the harmonics generated in the trapezoidal shape.

3.1. Design of Low-Pass Filter

For vy, v}, , and vf,, it is essential to minimize the harmonic component in one period.
Accordingly, a digital low-pass filter (LPF) was designed to remove the harmonics of v},
vy, and v, before performing the DQ transform. In this case, the LPF can be configured
using a simple first-order system, and the noise and harmonics in the frequency band
desired by the user can be attenuated using Equation (10) below.

v} (s) _ W
v%,(s) 5+ we

H(s) = (x=a,b,c) (10)
where w, represents the cut-off frequency, and the maximum angular speed at which the
motor can be controlled can be set to w,.

3.2. Design of Damping Ratio Compensator

If the LPF is used, the magnitude of the voltage in the harmonic area can be attenuated,
as shown in Equation (10). However, the magnitude of the voltage in areas other than the
harmonic area is also attenuated. If flux-weakening control is performed using the reduced
voltage, errors occur when generating the voltage of the desired magnitude. Here, the
rate at which the magnitude of the voltage decreases can be defined as the damping ratio,
which can be expressed using Equation (11), where w is the angular velocity of the motor.

1

H()| = ——=—=— (11)
(g) 1
1
Uy = —F——= U (x=a,b,c) (12)

() 1

From Equation (10), it can be seen that the magnitude of the voltage (dB) decreases as
the frequency increases. In the case of the frequency band of 500 (Hz), because the voltage
is attenuated by approximately —3.01 (dB), v}, has a magnitude of voltage attenuated by
approximately /2 times compared to v%,. To use the LPF, it is necessary to compensate for
the magnitude of the attenuated voltage. The phase difference of the voltage calculated by
the LPF is negligible as it is only the magnitude of the voltage used in the indirect voltage
flux-weakening control.

The angular velocity of the motor was measured to perform vector control. Because
the angular velocity of the rotor in a synchronous motor is the same as the velocity of the
rotating magnetic field, the damping ratio compensation can be easily performed using the
measured angular velocity. Accordingly, the magnitude of the attenuated voltage can be
compensated by using the following equation:

2
Ues = |/ <:})C> +1- Ufs (13)
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3.3. Verification of the Effect of the Improved Voltage-Based Flux-Weakening Control
through Simulation

Simulations were conducted to verify the effect of the proposed voltage-based flux-
weakening control. The simulations were performed using a PSIM simulator, and the
motor model of the SPMSM provided by the PSIM was used. The parameters used for
the motor and inverter in the simulations are listed in Table 1, and the simulations were
conducted when flux-weakening control was performed using v, and v, respectively,
where the average of every 10 measured data points was obtained to show the waveform.

Table 1. Summary of various parameters used in the simulations.

Device Parameter Unit Value
DC-LINK voltage V) 290
Inverter Max current (A) 3.82
Switching frequency (Hz) 20,000
Back EMP(Ke) (Vpk/krpm) 49
Number of poles P) 8
Motor Resistance Q) 2.2
Inductance H) 0.0109
Inertia (0z — in — sec?) 0.00439

Figure 8 shows the waveforms in the simulation results when the motor speed was
increased to 7500 (rpm) using the inverter, as shown in Table 1, where Vi, was fixed at
0.604 (p.u). As shown in Figure 8a, when flux-weakening control was performed using
vs, the rotation speed of the motor reached the maximum command speed of 7500 (rpm)
normally. When v}, was used, the rotation speed of the motor reached the maximum
command speed of 7500 (rpm) normally. Thus, it can be seen that there are no issues in the
operation of the motor at speeds up to 7500 (rpm) in both cases.

— using V;

— using V,,

— using Vs

—— using V,,,

Von (P1)

.
— using V,

[ e using V,

N R SR -
T T T T

PO S S SO SR S S S N
05 1 15 2 25 3 35 4 45 5 55 6 65 7 75
Motor Speed Reference (kprm)

0

(a) motor speed

i A S S S S S S S SR N T T
0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75
Motor Speed Reference (kprm)

(b) quantified voltage

T T T T T T R TN T T TR S
0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 715

Motor Speed Reference (kprm)

(c) g-axis current

03

— using ¥,

— using V,

N
—sing Y,
s

b —— using V,,

PR S S A S SR S S S
0 05 1 15 2 25 3 35 4 45 5

Motor Speed Reference (kprm)

(d) d-axis current

P S R S T P R S T S T
% 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75
Motor Speed Reference (kprm)

(e) peak current

IR T
55 6 65 7 15

Figure 8. Simulation results according to changes in motor speed command.

From the results when flux-weakening control was performed using v;, shown in
Figure 8b, it can be seen that when the rotation speed of the motor reached 7500 (rpm),
Vs, was measured to be approximately 0.597 (p.u). When the motor was controlled using
V%, Usn at 7500 (rpm) was measured to be approximately 0.605 (p.u). These results were
consistent with the results shown in Figure 4, and it was confirmed that the presented
error between the voltages could occur, and the error was measured to be approximately
0.08 (p.u).
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From Figure 8¢, it can be seen that as SPMSM was used in the simulations, an average
current of approximately 0.2 (A) was injected in both methods until flux-weakening control
began. However, as the flux-weakening control began, i3 decreased slightly.

The voltage error shown in Figure 8c dominates the effect of ij;. Figure 8d shows that
when flux-weakening control was performed using v, flux-weakening control began from
approximately 6570 (rpm), and 745 began to be injected thereafter and was measured to be
approximately —0.688 (A) when the rotation speed reached 7500 (rpm). When v}, was used,
it can be seen that the flux-weakening control began from approximately 6800 (rpm), and
igs began to be injected thereafter and was measured to be approximately —0.543 (A) when
the rotation speed reached 7500 (rpm). This current is approximately 0.189 (A) smaller
than when flux-weakening control was performed using v;. It can be concluded that this
is the best result that can be obtained by minimizing the voltage error. As a result of the
simulations described above, it can be seen that the possibility of errors in the voltage
presented in Section 2, and the resultant change in the amount of the current appear.

4. Experimental Results and Discussion
4.1. Construction of Experimental Environment and Design of Conditions

To verify the actual effect of the improved voltage-based flux-weakening control, a
400 (W) class PMSM was used. The PMSM used in the experiment was the HVPMSMMTR
model of Texas Instruments, and the motor drive inverter module used in the experiment
was the TMDSHVMTRINSPIN model. The parameters of the inverter, controller, and
motor used in the experiment were the same as those listed in Table 1.

4.2. Comparison and Analysis of Experimental Results

Figure 9 shows the results of the measurement of the current and pole voltage of
one phase when the general voltage-based flux-weakening control and the improved
voltage-based flux-weakening control were used, respectively.

. * . *
using vV, using v +LPF LeCroy

‘IA/dlv

e

150V/div 500m5/dlv

Vv, (A)

H

(a) variable voltage source

=
N
-
0

v._(A)

500[Hz] LeCroy 500[Hz] LeCroy

i,(4)
(=]

WW’\/

1 A/d iv 0.75A -043A 1A/div

150V/d\v 2ms/div 150V/d\'vI 2ms/div
I ‘ . o et |
il \H\ H\ L | LS 3 WHM
: |
(b) using vy (c) using vg,

Figure 9. Waveforms in the experiment results when motor speed is 7500 (rpm).



Energies 2021, 14, 7464

11 of 15

Figure 9a shows the waveform measured while the motor rotated at 7500 (rpm) and
flux-weakening control was carried out using v},, before 2.5 (s) and using v, after 2.5 (s).
Observing the a-phase current measured in this case, it can be seen that the maximum
magnitude of the current became smaller when v}, was used than when v} was used.

As shown in Figure 9b, which presents the enlarged waveform when v} was used,
the frequency of the a-phase current was measured to be approximately 500 (Hz). As
the number of poles of the motor used in the experiment was 8, it can be seen that the
frequency that must be used when the measured current is 7500 (rpm) is being injected
normally. Observing the a-phase current, it can be seen that the largest current among
the peak currents was measured to be approximately —1.04 (A), and the smallest current
among the peak currents was measured to be approximately —0.56 (A).

As shown in Figure 9¢, which presents the enlarged waveform when v}, was used,
the frequency of the a-phase current is also measured to be approximately 500 (Hz),
indicating that a current appropriate for 7500 (rpm) is injected. On reviewing the measured
currents, it can be seen that the largest current among the peak currents was measured
to be approximately —0.75 (A), and the smallest current among the peak currents was
measured to be approximately —0.43 (A). On reviewing the a-phase pole voltage, it can be
seen that it is controlled to be closer to square waves than the pole voltage in Figure 9b.

That is, the magnitude of the current became smaller when v}, was used than when
flux-weakening control was carried out using v; at the same frequency of 500 (Hz). This
indicates that the proposed voltage-based flux-weakening control method can alleviate the
voltage error problem of the general method.

To compare and analyze the experimental data, the motor data were extracted using
the conditions listed in Table 2. In addition, all the data extracted by the speed command
were averaged and are shown in Figure 10.

Table 2. Experimental environment conditions.

Parameters Unit Value
Total Experiment Time (min) 12.5
Maximum Motor Speed (rpm) 7500
Motor Speed Variable Width (rpm) 100
Variable Time Width (s) 10
Reference Voltage Max (Vsax) V) 0.604

Figure 10 shows a graph depicting the motor rotation speeds igs, igs, is, and vsy,
according to the voltage used for flux-weakening control carried out after setting Vax
to 0.604 (p.u). In Figure 10a, it can be seen that when flux-weakening control was carried
out using v}, the rotational speed of the motor normally reached the maximum command
speed of 7500 (rpm). Experiments were conducted when v}, was used, and according to
the results, the motor’s rotational speed normally reached the maximum command speed
of 7500 (rpm). That is, in both cases, control is possible at the desired command speed.

As shown in Figure 10b, according to the results when flux-weakening control was
performed using v}, vs, was measured to be approximately 0.59 (p.u) when the rotational
speed of the motor reached 7500 (rpm). When the motor was controlled using v}, vs, was
measured to be approximately 0.604 (p.u) when the command speed of the motor reached
7500 (rpm). These results were almost identical to the results shown in Figure 7, indicating
that the presented error occurred between the voltages.

In the case where flux-weakening control was performed using v}, Figure 10c shows
that the flux-weakening control began from approximately 6600 (rpm), and i ;s began to be
injected thereafter and was measured to be approximately —0.644 (A) when the rotational
speed of the motor reached 7500 (rpm). When v}, was used, it can be seen that the flux-
weakening control began from approximately 6800 (rpm), and iz began to be injected
thereafter and was measured to be approximately —0.454 (A) when the rotational speed of
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Figure 10. Experiment results according to changes in motor speed command.

As shown in Figure 10d, i3s was similarly injected into the motor. At the beginning of
the motor operation, approximately 0.108 (A) of i,s was injected, but as the speed increased,
it can be seen that up to approximately 0.18 (A) of i5s was injected owing to the moment of
inertia of the motor. As the SPMSM was used, the current point trajectory required for T,
was in the form of a straight line, as shown in Figure 5, and the amount of change in iy
was small.

As shown in Figure 10c, when flux-weakening control was performed using vy, flux-
weakening control began from approximately 6600 (rpm), and iz began to be injected
thereafter and was measured to be approximately —0.644 (A) when the rotational speed
of the motor reached 7500 (rpm). As a result of performing flux-weakening control using
only v},, i;s was changed from approximately 6700 (rpm) but was not reduced further
than approximately —0.06 (A). When v}, and LPF were used simultaneously, it can be seen
that the flux-weakening control began from approximately 6800 (rpm), and i;; began to be
injected thereafter and was measured to be approximately —0.454 (A) when the rotational
speed of the motor reached 7500 (rpm). This indicates that the motor was controlled using
a current that is approximately 0.189 (A) smaller than that when flux-weakening control
was performed using v}, and the voltage error was minimized.

As shown in Figure 10d, when flux-weakening control was performed using v, is
was measured to be approximately —0.733 (A) when the motor’s rotational speed reached
7500 (rpm). When vj, and LPF were used simultaneously, it can be seen that the flux-
weakening control began from approximately 6800 (rpm), and iz began to be injected
thereafter and was measured to be approximately 0.534 (A) when the motor’s rotational
speed reached 7500 (rpm). This indicates that the motor was controlled using a current that
is approximately 0.2 (A) smaller than that when flux-weakening control was performed
using v;, and the voltage error could be minimized.
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When the results in Figure 10 are synthesized, it can be seen that when the motor speed
is controlled using v}, high-speed operation is normally performed through flux-weakening
control. However, it can be seen that a larger amount of iy; than the i;; appropriate for the
speed command is applied to the motor because of the error between the actual voltage
applied to the motor and the calculated voltage.

When the motor speed is controlled using v7,, high-speed operation is normally
performed through flux-weakening control. In addition, the error between the actual
voltage applied to the motor and the calculated voltage is minimized so that only the i
appropriate for the speed command can be used to control the motor.

As the theoretical approaches, simulations, and experimental results were consistent,
it could be inferred that the proposed voltage-based flux-weakening control is applicable
and that the voltage error can be minimized.

5. Conclusions

This paper presents an improved voltage-based flux-weakening control method to
enhance the performance of synchronous motors using a voltage-based flux-weakening
control. This method mitigates the errors occurring between the voltage command used
in previous methods and the voltage flowing into the motor. The possibility that errors
may occur between the voltage command and the voltage flowing into the motor in the
previously used method was considered, and the problems were analyzed through a
theoretical approach and simulations.

As a result of theoretically approaching the error that occurred, when the magnitude
of the voltage in the flux-weakening control region was out of the linear region, the voltage
command was transformed into a trapezoidal shape. The magnitude of the fundamental
wave in the transformed trapezoidal shape was smaller than the magnitude of the fun-
damental wave of the voltage command, so the magnitude of the voltage applied to the
motor was reduced. Accordingly, it was confirmed that the size of the voltage limit circle
was reduced, and the required current was increased under the same torque condition.

According to the comparison and analysis results of the effects of the general indirect
voltage method and the proposed method through experiments, when the improved
voltage flux-weakening control was applied to the PMSM, the voltage errors were reduced
by approximately 2.16(%) compared to the general method. Accordingly, energy efficiency
was improved by reducing the current used in the field-weakening control region by up
to 27.17(%) under the same torque condition. The proposed method can be applied to
motors using a voltage-based flux-weakening control to increase the energy efficiency in
the control area. It can be used for various feedback and feed-forward control methods
using voltage commands. In future research, we plan to continuously compare and analyze
the effects of applying the results of this paper to various studies using voltage commands.
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