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Abstract: When performing weak flux control to drive a permanent-magnet synchronous motor at
high speed, the efficiency is lowered because the copper loss increases as the negative D-axis current
increases. In addition, if the overmodulation index is slightly lowered and driven without setting
it to the maximum value, the phase current ripple reduction effect can be expected compared to
the six-step control. Therefore, if the motor is operated at a current point that can minimize the
sum of copper loss and iron loss, the motor can be driven with maximum efficiency. In addition,
if the overmodulation index is slightly lower than that of the six-step control, the phase current
ripple can be reduced. This paper proposes a method for finding an overmodulation index to
maximize driving efficiency when driving a motor based on the magnetic flux-torque command.
In addition, an algorithm for driving a motor with maximum efficiency by applying an optimal
overmodulation index table is proposed. Based on the MATLAB Simulink simulation, the efficiency
change characteristics according to the overmodulation index change are reviewed, and the efficiency
improvement and current ripple reduction effects are verified through a dynamometer experiment.

Keywords: PMSM; efficiency; overmodulation; voltage utilization; flux—torque control

1. Introduction

As energy depletion and environmental problems arise, internal combustion engine
devices using conventional fossil fuels are gradually being replaced with electric motors
and battery systems. Accordingly, the need for research on algorithms for driving motors
with a higher efficiency is being emphasized [1]. The efficiency of electric motors is directly
related to environmental issues. In this paper, a method to improve the driving efficiency of
permanent-magnet synchronous motors (PMSMs), which are most widely used for driving
electric vehicles, is studied under high-speed operation.

In order to control the PMSM at a speed higher than the base RPM, it is necessary to
perform flux-weakening control to reduce the air gap flux and thereby obtain a voltage
margin [2,3]. In this situation, as the negative D-axis current increases very significantly, the
magnitude of the phase current increases, meaning that the power loss due to copper loss
increases [4,5]. If voltage utilization is increased through voltage overmodulation, the volt-
age margin can be obtained without increasing the phase current magnitude [6,7]. However,
in this case, the phase current is distorted by harmonic components and power loss due to
iron loss increases. Therefore, if the flux-weakening control and overmodulation control
are properly performed, the power loss due to copper loss and iron loss can be minimized
and the operating efficiency of the motor can be improved in the high-speed region.

Classically, the control method that minimizes the size of copper loss by selecting the
current operating point at the boundary of the voltage-limiting ellipse has mainly been
used [8,9]. However, since this control method does not consider iron loss, the driving effi-
ciency of the motor is low. In other previous studies, control algorithms that consider iron
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loss and copper loss together to improve motor driving efficiency were proposed [10-16],
but these are difficult to use in the region where the phase voltage is overmodulated. LMC
(loss model control) is a method for calculating a current operating point using a mathemat-
ical model function of the current magnitude and driving frequency in order to minimize
power loss. In this method, it is difficult to define a mathematical model for the change
in power loss due to phase current ripples caused by voltage overmodulation [10-16]. In
addition, the LMC method has the disadvantage that inaccurate parameter information
leads to inaccurate calculation results of the current operating point for minimizing power
loss. On the other hand, the SC (search control) algorithm measures the input power in
real time and adjusts the phase angle of the current so that the magnitude of the input
power is minimized [14]. In this method, there is a very high possibility that the control
will diverge and become unstable in the overmodulation control region where the voltage
margin is insufficient.

Therefore, in this paper, we propose a control method that reflects the copper loss
and iron loss of the motor, which were not considered in the existing overmodulation
control. We then create an overmodulation index table in the form of a 3D lookup table.
The most efficient overmodulation index for each torque operating point is stored in this
table. Using this overmodulation index table, the current operating point at which the
maximum efficiency is output is determined through the magnetic flux—torque current
map. The proposed method was verified through MATLAB Simulink. In addition, the
algorithm was validated by dynamometer testing.

2. Current Operating Point for Motor Loss Reduction Control

Figure 1 shows the change in copper loss P, and iron loss Pr, according to the
movement of the current operating point in the D-Q axis current plane of the IPMSM motor.
The magnitude of copper loss P, is proportional to the square of the current magnitude,
and it can be expressed using Equation (1) [13].
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Figure 1. The tendency of power loss to change due to the movement of the current operating point.

The magnitude of the iron loss Py, is very non-linear, so it is difficult to accurately
express it with an equation. However, since it is known that the magnitude increases in
proportion to the motor driving frequency and the magnitude of the magnetic flux, it can
be expressed in a simplified manner in Equation (2) [4].
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2.1. The Tendency of Power Loss to Change Due to the Movement of the Current Operating Point

In order to maintain the output torque of the motor regardless of speed or voltage
change, the current operating point must move along a constant torque curve. If the current
operating point moves to the left on the constant torque curve, the copper loss increases
because the current operating point moves away from the origin. At the same time, the
iron loss decreases because the magnitude of the air gap flux decreases. On the other hand,
if the current operating point moves to the right, the magnitude of the current decreases
as the distance from the origin increases, and the copper loss decreases. At the same time,
the size of the iron loss increases. As described above, changes in copper loss and iron loss
according to the movement of the current operating point are in an inverse proportion to
each other. Therefore, if the current operating point is appropriately selected to minimize
the total loss, including the iron loss and the copper loss, the efficiency of the motor can
be increased.

2.2. Current Operating Point Selection Strategy in the D-Q Axis Current Plane

Figure 2 shows a comparison between the algorithm proposed in this study and the
algorithms proposed in previous studies with respect to the strategy used for selecting
the D-Q axis current operating point. The selectable area of the current operating point is
limited inside the voltage-limiting ellipse and the current-limiting circle [17]. If the speed of
the motor is w; and the battery voltage is given as Vj, the voltage-limiting ellipse is given
as ‘B’ when the overmodulation control is performed to the minimum. In the classical
control considering only copper loss, the current magnitude is minimized by selecting the
‘b’ point, which is the intersection of the voltage-limiting ellipse and the constant torque
curve. The LMC and SC methods considering both iron loss and copper loss select the
current operating point ‘a’. In this case, compared to point ‘b’, the copper loss slightly
increases as the current increases, but the efficiency is improved because the iron loss
decreases as the air gap flux decreases.
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Figure 2. Comparison of current operating point selection strategies used in previous studies.

w1 < wy

If voltage utilization is maximized through voltage overmodulation, the selectable
current range expands as the voltage-limiting ellipse ‘A’. In previous studies, copper loss
and iron loss were not considered together in the voltage overmodulation control region
(intermediate region between the “A” and ‘B’ ellipses). In order to minimize copper loss, a
six-step control that always maintains the maximum voltage utilization rate was performed,
or overmodulation control was temporarily performed to improve control stability when
the voltage was temporarily insufficient. Six-step control is a control method that selects
the ‘d” point, which is the intersection of the voltage-limiting ellipse and the constant



Electronics 2022, 11, 2095

40f18

torque curve, and drives the motor with the smallest current magnitude. In the case of the
algorithm proposed in this study, point ‘c’ is selected, and the maximum efficiency can be
achieved because the motor operates at the current operating point where copper and iron
losses are minimized in the overmodulation control region.

On the other hand, if the motor has to operate on the MFPT (Minimum Flux per
Torque: MFPT) curve because the speed of the motor is very high, as for w, or when the
battery voltage is low, the output torque is maximized only when the overmodulation
control is performed to the maximum. If the overmodulation control is not performed, the
maximum output cannot be produced by operating at the operating point ‘e’. Therefore, in
this case, the output torque and efficiency can be maximized only by driving at the current
operating point ‘f" [18].

3. Voltage Overmodulation

The algorithm proposed in this study improves the driving efficiency of the motor by
moving the current operating point to the extended current operating region by voltage
overmodulation. Voltage overmodulation increases the size of the voltage-limiting ellipse,
which means that the range of selectable current operating points is widened. Then, the
current operating point can be selected from the wide area in order to increase the driving
efficiency [19-22].

3.1. Implementation of Bolognani Voltage Overmodulation

Figure 3 shows the voltage modulation method proposed by Bolognani in the polar
coordinate system [23]. The magnitude of the resultant vector Vs, which is the sum of the
three-phase voltage vectors V;, Vj, and V, is limited inside the voltage hexagon.

120° 60°

180°

Trajectory of
output voltage

240° 300°

Figure 3. Bolognani voltage overmodulation technique. AB is the maximum voltage that can be
output from the phase angle 6, and if the voltage command exceeds this value, the voltage is output
at a new phase angle, Onew. Since the phase angle of the voltage is changed to an arbitrary value, the
new phase voltage Vs _jen contains harmonics, but the magnitude of the voltage effectively applied to
the motor can be increased.
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The maximum magnitude of the voltage that can be freely generated regardless of
the voltage phase is %, and the voltage output can be increased up to this voltage level
without generating harmonics in the current. However, it is impossible to generate a
voltage higher than V—dé because it may exceed the voltage hexagon depending on the phase.
As shown in Figure 3, if the voltage command V; cannot be generated because it is outside
the hexagon, Vi 0w of the same magnitude can be generated by selecting a new phase,
Onew- The equation to implement this is given as follows.

Vdc

AB = V3cos(r/6 — 0) ©)
_ Vi il
Onew = acos(vs\/g) + 6 4)

The maximum output voltage that can be achieved through overmodulation control is
% and the maximum effective applied voltage of the fundamental frequency is ﬁnﬂ’c In

this study, the voltage overmodulation index (MI) is defined as follows for easy analysis:

Vs

MI =
Vie/2

©)

when voltage overmodulation is performed to the minimum, the overmodulation index is

MI = %/‘? = 1.1547, and when voltage overmodulation is performed to the maximum,

the overmodulation index of the effective voltage is MI = 2“//:0 //Zn = 1.2732.

3.2. Nonlinearity Compensation of Overmodulated Voltage

Figure 4 shows the comparison of the magnitudes of the fundamental frequency
components included in the command voltage and the output voltage when Bolognani
voltage overmodulation is performed. Since the voltage command exceeding MI = 1.1547
includes harmonics, the fundamental frequency component of the output voltage effectively
applied to the motor becomes smaller than the command voltage.

FFT Analysis Results
1.3
Voltage Waveform Compare
1
TG ---Voltage Command
1 —\Voltage Output (Volognani OVM) Command
=t o — Voltage 05
05 I
v " 0 2 4 6 8
ol f (Hz)
FFT Analysis Results
Output 1.2555
-05 % Voltage | ,
-1 — ] ¢
05
0 3 4 5 6 . | | I |
0 2 4 6 8
f (Hz)

Figure 4. Comparison of magnitudes of fundamental frequency components of command voltage
and output voltage.

Therefore, in order to apply a desired voltage to the motor, the voltage command must
be compensated, as shown in Figure 5.
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Figure 5. Compensation of the command voltage in the nonlinear overmodulation region.

4. Optimal Voltage Utilization Control Algorithm
4.1. Block Diagram of Voltage Utilization Optimal Control Algorithm

Figure 6 is a block diagram of the algorithm proposed in this paper to control the motor
with maximum efficiency. In the classical algorithm, the current references are determined
based on the torque command T,* and the magnetic flux command A4, is calculated by
dividing the voltage by the speed.

Speed”

Speed

Speed
PI control

Vd': + l{,':

l—

Vd c
l——-——

MI PI
control

Flux Reference Compensation Algorithm
for Optimal M| Operation

Pl

control

Vd‘
Voltage output nonlinearity compensation
for the area of exceeding Ml = % (= 1.1547)

Pl

control

Over-
modulation
(Bolognani)

Figure 6. Block diagram of voltage utilization optimal control algorithm.
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However, the proposed algorithm determines the current references based on A*,
which is an actively controlled magnetic flux reference, instead of A,.. The proposed
algorithm is a control algorithm that moves the current operating point so that power loss
due to copper and iron loss is minimized by adjusting the magnetic flux command A*
through MI PI control. In order to implement this algorithm, the ‘Optimal MI Table’ must
be created by measuring the optimal MI for each speed and voltage condition through a
dynamometer experiment.

The D-Q axis current commands I;* and I;* are determined from the 3D current map
based on the magnetic flux command A* and the torque command T,*. From 0 speed to the
BASE RPM area, the operation at the MTPA driving point is the maximum efficiency driving
point. If it exceeds the base rpm, the algorithm proposed in this paper is applied from the
area where the weak magnetic flux begins. If A* is properly adjusted, the current operating
point can be shifted in the direction of decreasing or increasing magnetic flux on a constant
torque curve. If the current command is shifted in the direction of increasing the magnetic
flux, the back EMF generated in the motor coil increases and the output voltage required for
current control increases. In this situation, the current control algorithm actively performs
overmodulation control to increase the voltage utilization rate. Conversely, if the current
command is shifted in the direction of decreasing the magnetic flux, the magnitude of the
voltage required for current control becomes smaller and the current control algorithm
lowers the voltage utilization rate. As a result, by adjusting the magnetic flux command
input A* to the current map, it is possible to control the output voltage utilization rate of
the inverter.

By applying the principle described above, the current operating point can be moved
so that the driving efficiency of the motor is maximized. Moreover, if the optimal MI* is
already known through the experiment, the magnetic flux command A* can be adjusted
to the optimal value by performing the “MI PI control’ and, as a result, the motor can be
operated at the current operating point showing the highest efficiency.

Aopt determined as a result of “MI PI control” is added to the existing magnetic flux
command Ay to adjust A* to an optimal value. In other words, A,y maintains the
inverter’s voltage utilization at an optimal value in real time, leading the motor to operate
at maximum efficiency.

On the other hand, if the magnetic flux—torque current map is inaccurate to some
degree, the magnetic flux command can be corrected by applying the ‘magnetic flux
command correction table’. Acomp is the magnetic flux reference value that is experimentally

measured so that the magnitude of the phase reference voltage becomes V—\/‘% (MI =1.1547).

This table is not necessary if the flux—torque current map is very accurate.

4.2. Strategies for Obtaining an Optimal MI According to Speed Range

Figure 7 shows the optimal-MI acquisition strategy proposed in this study, divid-
ing it into three stages. Part A is a low-speed region where there is no need for flux-
weakening control or overmodulation control because the voltage margin is sufficient.
Part B is a medium-speed region that operates on a constant torque curve and performs
flux-weakening control or overmodulation control to obtain a voltage margin. Part Cis a
high-speed region where the speed can be increased only by lowering the magnitude of the
output torque.

1.  Part A: MTPA (Maximum Torque per Ampere: MTPA) operation region

At a low speed below the base RPM, where the voltage margin is sufficient, flux-
weakening control or overmodulation control is not necessary. The motor is driven at the
MTPA current operating point, keeping the voltage modulation index below 1.1547.

2. Part B: Constant torque curve operating region

In this speed region, flux-weakening control or overmodulation control must be
performed to obtain a voltage margin. The control algorithm adjusts the overmodulation
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index to an optimal value in the range of 1.1547 to 1.2732 so that the driving efficiency of
the motor is maximized.

3. Part C: MFPT curve operating region

This is a high-speed region where the motor can be driven only by reducing the output
torque. In this region, as the overmodulation index increases, the output torque and output
power increase. In order to maximize the performance and efficiency of the motor, it is
always operated by controlling the overmodulation index to the maximum of 1.2732.

A

I

MTPA Current

Limit

X Part [A] : MTPA Control
|_» P Low speed below Base RPM
Current operating point shift » Ml = 1.1547 (Minimum)

as Ml increases

X Part[B] : Optimal Overmodulation & Flux-Weakening Control
P operation on a constant torque curve
» Ml = 1.1547~1.2732 (Optimal)

Iy

X Part [C] : MFPT Control |
» High speed that cannot maintain output torque
» Ml = 1.2732 (Maximum)

Figure 7. Strategies for obtaining an optimal MI according to speed range.

5. Simulation in MATLAB Simulink (MATLAB 2017b Academic Ver.)

The RT model of the 100 kW IPMSM motor was applied and a simulation was per-
formed with MATLAB Simulink. While changing MI from 1.1547 to 1.2732, changes in the
power loss and motor efficiency were reviewed.

5.1. Simulation Configuration

Figure 8 shows the simulink block used in the simulation. The motor model applied to
the simulation is a 100 kW IPMSM model provided as an example by JMAG. This RT model
is generated based on the electric/mechanical shape information of the motor, and when a
three-phase input voltage is applied, the output torque and phase current waveforms are
output very similarly to the actual ones. In addition, since the iron loss and copper loss of
the motor can be checked in real time, it is easy to monitor which loss component changes
the efficiency of the motor.
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Figure 8. MATLAB Simulink model block diagram.

5.2. Efficiency Change According to MI Change
5.2.1. Efficiency Change According to MI Change on Constant Torque Curve

Figure 9 shows the trajectory of the current operating point when the voltage overmod-
ulation index is changed under the conditions of a 5000 RPM speed and a 250 V voltage.
During the simulation, a constant load torque was applied and the speed was controlled to
a constant value; the output power thus remained almost constant. Since the same output
torque was generated, the current operating point moved along a constant torque curve.
The voltage overmodulation index was controlled in 41 steps from 1.1547 to 1.2732, and the
efficiency was measured in the steady state. The results are shown in Figure 10.

Current operating point shift according to MI change
T T T T T

120 T T
100 - 5
80 (61\-/|S|te:p1.2732)
<
T 60 g
401 // .
SVPWM
(Ml = 1.1547)
20 5
0 I I I I I I I
—400 —350 —300 —250 —200 —150 —100 =50 0
Id[A]

Figure 9. Test point for observing the efficiency change on a constant torque curve.
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Figure 10. Efficiency change according to overmodulation index change (CTC).

As the voltage overmodulation index increased, copper loss decreased and iron loss
increased. Since the output power was constant, the ratio of loss/output showed the same
trend as the integrated loss. As the overmodulation index increased, the efficiency of
the motor increased, but when the overmodulation index became too large, the efficiency
decreased. The maximum efficiency was shown in the overmodulation index of about
1.24. The overmodulation index for the maximum efficiency of the motor may be different
depending on the parameters determining the magnitude of the copper loss and iron loss
of the motor.

In conclusion, when the current operating point is on a constant torque curve, the
efficiency of the motor can be maximized by slightly lowering the overmodulation index
from the maximum in order to reduce the iron loss.

5.2.2. Efficiency Change According to MI Change on MFPT Curve

Figure 9 shows the trajectory of the current operating point when the voltage over-
modulation index is changed under the conditions of an 8500 RPM speed and a 170 V
voltage. Since the current operating point is in the MFPT curve, it shows a different trend
compared to the case of the constant torque curve. The results are shown in Figure 11.

Figure 12 shows the results for the MFPT curve. In the MFPT curve, as the overmodu-
lation index increases, the current operating point moves away from the origin. Therefore,
copper loss increases in proportion to the magnitude of the phase current. Furthermore,
as the overmodulation index increases, the magnitude of the iron loss increases. This is
because the magnitude of the harmonics included in the phase current increases, and the
magnitude of the air gap magnetic flux also increases. Therefore, when the overmodulation
index increases on the MFPT curve, both the copper loss and the iron loss increase, meaning
that the total electrical loss increases. However, despite the increase in the loss component,
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the efficiency of the motor increases as the overmodulation index increases because the
output power increases when the output torque increases.

Current operating point shift according to MI change
T T T T T

80 \ T
SVPWM
(MI = 1.1547)
70 i
Constant Torqueé L
60 zoom in |
50 - utilizatio”
\lo\'ia‘\?:deases
i _
'§.'40 %%
30 k
TS 6-Step
201 MI = 1.2732) 4
10~ .
O 1 | | | | | | |
—380 —360 —340 -320 -300 280 —260 —240 —220 —200
Id[A]
Figure 11. Test point for observing the efficiency change on an MFPT curve.
Torque, Power loss and Efficiency according to Ml change
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Figure 12. Efficiency change according to overmodulation index change (MFPT).
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In conclusion, if the current operating point moves on the MFPT curve, the overmodu-
lation index should be controlled to the maximum value in order to maximize the efficiency
of the motor. In addition, on the MFPT curve, the output torque of the motor can be used
to the maximum only when the voltage modulation index is controlled to the maximum.

6. Experiment in Dynamometer
6.1. Dynamometer Experimental Equipment

A dynamometer device that could measure real-time efficiency while driving IPMSM
with a three-phase inverter was configured. The input voltage and current were measured
from the DC power supply, and the speed and torque information of the motor could be
obtained from the torque sensor and the powder brake. Based on this information, the
efficiency of the system was calculated in the power analyzer.

The torque loader was set to maintain a constant load torque and the three-phase
inverter controlled the motor at a constant speed. In this way, the experimental equipment
was configured to easily observe the change in efficiency according to the change in
the overmodulation index under constant speed, torque, and voltage conditions. The
configuration of the test environment is shown in Figure 13.

Oscilloscope

DC power
supply

3Phase Torque
3Phase Motor load
Inverter (IPMSM) (gcr);\'r(dee)r

Speed/current control E
based on flux-torque map H

Input DC voltage, DC current : Output torque, speed

P,
€ --------

System Efficiency
(output power / input power)
Power Analyzer f-----==========-====------ >

Figure 13. Schematic diagram of dynamometer experimental equipment.

6.2. Experiment to Observe the Change in Efficiency According to the MI Change

Figure 14 shows the results of measuring the efficiency of the motor while changing
the MI from 1.1547 to 1.2732 under the four test conditions. Since a constant load torque
was applied, the current operating point moved along the constant torque curve.

Similar to the simulation results, at test points B and D close to the MTPA curve, the
efficiency gradually increased as the MI increased in the region where the MI was small,
and the efficiency began to decrease when the MI became very large. This was because
when the voltage modulation index increased and the current operating point moved, the
decrease in copper loss was insignificant but the increase in iron loss was large.

On the other hand, at test points A and C, which were far away from the MTPA
curve, the efficiency continued to increase as the MI increased. This was because when the
voltage modulation index increased and the current operating point moved, the copper
loss decreased significantly while the iron loss increased only slightly. The difference in the
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magnitude of the current when the voltage modulation index was 1.1547 and when it was
1.2732 was large; thus, it seems that copper loss was greatly reduced.

Efficiency change according to Ml change

<y T T,
% 80 F ........'...o.c..booOOQQQoono_
7951 e [-+-1800RPM, 1Nm, 11 2V
b AY P
= T9F po ol =1
5 1 | | | | |
1.16 1.18 12 122 124 1.26
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Figure 14. Experimental results of efficiency change according to MI change.

As a result, depending on the current operating region, it may be necessary to control
the MI to a maximum value or to a slightly smaller value in order to maximize the motor
efficiency. In order to always control the efficiency of the motor to the maximum, it is
necessary to find the optimal MI in the entire current operating area and apply it in a table.

6.3. Experimental Method for Creating an Optimal MI Table

As in the experiment performed in Section 6.2, if the efficiency is measured while
changing the voltage modulation index from 1.1547 to 1.2732 under specific speed, voltage,
and load torque conditions, it is possible to find out which MI shows the maximum
efficiency. The optimal MI table can be created by setting test points in the entire area of the
current map and finding the optimal MI for each test point to maximize efficiency.

Figure 15 shows the test points used for creating the optimal MI table. For each load
torque and battery voltage condition, the current operating points when controlled with
MI =1.1547 are circled. In addition, the motor efficiency was measured while increasing
the MI at each operating point, and the MI value that maximized the efficiency was written
in the number above the circle.

Test Point
35 . . ‘
I 1.2435 g7
30 121322831 i
2l 1.2613  1:2376 )
12732~ Varaz— 12132
-l highest efficiency point! |
< 1.2465 =
$ 1.2732 1.2732 1.2732 1.20572
215 = = ° MI=1A547 - 423765 ~1.2732 |
1.2732 1.2643 1.2495
sk 1.20732 1.2732 12732 z = =
10+ © 7
1.2732 1.2732 1.2732 1.20671 1.2169
512732 1'20731 Fo) 7
[e)
0 | : | | ‘ |
-35 -30 -25 —20 _15 10 s .

Id[A]

Figure 15. Test point used for creating an optimal MI table.
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Figure 16 shows the optimal MI value shown in Figure 15 by matching the magnetic
flux and torque commands of the current map. MI values can be identified by color.

Optimal MI Table (On Test Point)

\;f ///(——1// 05
1.5

\/\/J\/
10

lambdaCalc ' TeCMD

1.3
£1.25
2
o
S 1.2

—
N
(¢}

0
x 107

Figure 16. Optimal MI expressed based on flux-torque command.

Figure 17 shows the optimal MI table with increased resolution from interpolating and
extrapolating the data obtained from the test points. The ranges of the magnetic flux and
torque commands expressed in the X and Y axes were set to be the same as the commands
used in the current map. This was because it was easy to apply the optimal MI table to all
regions of the current map.

Optimal MI Table (Extrapolation)

—_
w

—
N
(&)}

A Q
N

MI (Extrapolation)

—_
N
H O,
V

%1073

lambdaCalc

Figure 17. Optimal MI table with increased resolution by interpolation and extrapolation.

If more test points are set by subdividing the load torque and DC voltage test condi-
tions, more precise results can be obtained. However, since it is time-consuming to control
the MI in many steps for each test point and measure the efficiency, it is more efficient to
increase the resolution by measuring at a small number of test points and then interpolating
and extrapolating them.

Figure 18 shows the optimal MI data with the same resolution as the current map
expressed on the D-Q axis current plane. The circled points mean that the current operating
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points are to be selected if the MI is controlled to 1.1547. Moreover, if MI is controlled to
the optimum value written on the circle, the current operating point will shift.
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Figure 18. Optimal MI table matched to the current operating point.

6.4. Optimal MI Table Application Experiment

By applying the optimal MI table, a real-time efficiency improvement verification test
was conducted. Experiments were conducted at current operating points near the MTPA
curve, where a marked improvement in efficiency was observed.

The left side of Figure 19 shows the current operating points when MI = 1.1547,
MI =1.2732, and MI = optimal table values are applied. When the MI was controlled to
1.1547 and 1.2732, a fixed MI command value was input to the MI feedback controller.
When the optimum MI was controlled, the MI input was automatically determined from
the optimum MI table according to the speed and voltage conditions.

Current Operating Point Efficiency measurement result

82
Ml = 1.1547
—MI = 1.2732
30r 1 80 [|—Optimal MI table
Optimal Ml Ml =1.2732 L |
257 M|=1.(135_4_7_»__,__?_I,n_‘a_«e-0 1 78 e
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15}  — 274 . |
o " ©0 w 775
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e =€y | : |
10 o— o 72 =
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Figure 19. Efficiency comparison of fixed MI control and optimal MI control.
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Table 1 shows the results of the efficiency comparison experiment. When the optimal
MI was applied, the maximum efficiency improvement was about 2% compared to the case
where MI = 1.1547 was applied, and about 0.3% compared to the case where MI = 1.2732
was applied.

Table 1. Efficiency comparison results of optimal MI and fixed MI.

Te Vde Efficiency [%] Efficiency Efficiency
Nm] VI - Improvement Improvement
[Nm MI 1.1547 MI 1.2732 Optimal MI (1.1547 vs. Optimal MI) ~ (1.2732 vs. Optimal MI)
71.77 ) .
0.3 10.3 69.77 71.49 (MI = 1.224) 2.00% 0.29%
76.75 o o
0.45 10.5 74.76 76.54 (MI = 1.237) 1.99% 0.21%
79.35 . s
0.6 10.7 77.55 79.24 (MI = 1.253) 1.80% 0.11%
80.75 ., N
0.75 10.98 79.36 80.65 (MI = 1.253) 1.40% 0.10%
81.28 . )
0.9 11.25 80.12 81.18 (MI = 1.252) 1.16% 0.10%
81.97 o o
1.05 11.34 80.38 81.94 (MI = 1.256) 1.59% 0.03%
81.89 o o
1.2 11.7 80.78 81.86 (MI = 1.239) 1.11% 0.04%
Figure 20 shows the phase current waveform and FFT analysis results obtained during
the experiment in Section 6.4. The test conditions were 0.3 Nm, 1800 RPM, and 10.3 V [24].
p
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Figure 20. Comparison results of phase current ripple of optimal MI and fixed MI.

When MI was controlled to 1.1547, the phase current was close to a sine wave. Even
in the FFT analysis result, there was no noticeable ripple component and there was only a
small amount of high-frequency noise.

On the other hand, in the case of MI = 1.2732, the phase current waveform was
very distorted. According to the FFT analysis result, the magnitude of the current at
the fundamental frequency was the smallest among the three, but the fifth and seventh
harmonic components were very large. When MI was controlled to an optimal value,
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compared to the case where MI = 1.2732 was controlled, the magnitude of the current of the
fundamental frequency slightly increased, but the fifth and seventh harmonic components
were reduced by 25-30%. When the phase current ripple is reduced, the stability of the
control can be improved during current feedback control, and this is advantageous in
improving the torque ripple and noise of the motor. In conclusion, if the optimal MI table
is used, the efficiency can be higher, and the phase current ripple can be reduced compared
to when the MI is controlled to the maximum value.

7. Conclusions

In this paper, we proposed a method for finding the optimal voltage modulation
index for driving a permanent-magnet synchronous motor with maximum efficiency and
organizing it into a table. We also devised a real-time control algorithm that drives the
motor while maintaining the voltage utilization of the inverter at an optimal value.

Through a MATLAB simulation, the characteristics of the efficiency change according
to the change in the MI value were examined. An optimal MI table was created through
actual dynamometer testing, and improved efficiency and current ripple reduction effects
were verified. When the optimal MI was applied, it was confirmed that the efficiency
was improved by up to 2% compared to the MI = 1.1547 control method and up to 0.3%
compared to the MI = 1.2732 control method. In addition, it was confirmed that the
magnitude of harmonic ripple currents could be reduced by up to 30% compared to the
six-step control method. In this study, external environmental changes were not considered.
For applications, further research is needed on the impact of the environment changing
during motor driving. For example, the maximum efficiency operating point may be
changed due to a change in the current operating point according to a change in motor
parameters, such as a change in temperature. To cope with this case, further research
is needed on the calibration method of the magnetic flux—torque current map and the
optimal overmodulation MI table for each temperature. In addition, due to experimental
environmental limitations, algorithm verification for 1 kW motors has been performed, but
it can also be applied to high-power motors. Future research needs to verify how much
efficiency can be improved when applied to high-power motors.
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