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ABSTRACT Electrical angle delay resulting from inverter part and design errors causes rotor position errors.
It significantly lowers motor control performance as the rotor position error rate increases owing to increased
speed. Rotor position detections considering the delay component can be classified into initial rotor-position
and time-delay position detections. The initial rotor position detection method causes initial rotor position
errors based on speed because it does not consider the electrical angle delay component. The conventional
time-delay position detection method involves current—voltage time-delay position detection. The dynamo
system manually measures and compensates for current and voltage delay coefficients based on speed
to detect the time-delay position. However, achieving precise torque control performance is challenging
because detecting the delay coefficient at high speeds is dangerous, and separating the electrical angle delay
component is impossible. This study proposes a delay component detection and compensation algorithm
by analyzing the electrical angle delay component due to inverter parts and design errors. The new initial
rotor and time-delay positions are estimated to improve the torque control performance by compensating
for the detected delay component. The proposed algorithm is based on the PMSM voltage equation and
validated through simulation using MATLAB Simulink. The initial rotor position, time-delay position, and
torque control performance are verified by experimentally detecting and compensating for the electrical
angle delay component using the proposed algorithm. The results demonstrate that the proposed algorithm
is robust to inverter part and design errors. Moreover, the proposed algorithm is advantageous in considerably
improving the torque control performance.

INDEX TERMS Current time delay, delayed components, electrical angle, electrical angle offset, initial
rotor position, permanent magnet synchronous motor, time-delay position, torque control, voltage time
delay.

I. INTRODUCTION

Recently, permanent magnet synchronous motors (PMSMs)
have been widely adopted in mobile bodies, automobiles,
agricultural machinery, and urban air mobility (UAM) fields
owing to their high-power density advantages. In line with
this trend, precise high-speed control of PMSMs is necessary
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for miniaturization and high efficiency. High-speed control of
PMSM requires accurate rotor positioning and d-q axis vector
control in the rotor position-aligned synchronous rotating
frame [1], [2], (3], [4], [S], [6], [7].

Typically, position sensors, such as resolvers, encoders,
Hall sensors, and magnetoresistive (MR) sensors, are used
to accurately detect rotor position. However, to design
for rotor position detection, different circuit designs are
required owing to type of sensors and filter time constants
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(caused by noise), which lead to design errors [8], [9], [10],
[11], [12], [13].

Resolvers have hardware delayed components, such as
filter and integrated circuit (IC) delays for excitation, sin, and
cos signals, whereas encoders experience hardware delays,
such as sensor and filter delays for A/B signals. Moreover,
software processing the position information has peripheral
delays owing to clock frequency and interrupt timing. Delays
also occur when converting a position sensor signal into a
rotor position using an algorithm, thus leading to position
information errors. Each position delay causes errors depend-
ing on the design, and the delayed component cannot be
easily measured. In addition, electrical angle errors increase
with increasing drive frequency owing to error components,
thus deteriorating PMSM control performance at high speeds.
Specifically, a maximum speed of approximately 500 Hz is
necessary in electric vehicle systems to achieve miniaturiza-
tion and a high-efficiency drive motor [14], [15] Therefore,
delayed components must be identified and compensated for
secure precise torque control and performance in the weak
magnetic flux region [16], [17].

Rotor position detection can be classified into initial and
time-delay, as shown in Fig. 1.

Existing methods of detecting initial rotor position include
the unidirectional drive based on the d-q axis voltage
equation, high-frequency injection, and d-axis alignment
methods [18], [19], [20], [21], [22], [23], [24].

The unidirectional drive method is advantageous owing to
its ease of algorithm implementation. However, it includes
delayed components varying with the measurement speed,
thereby resulting in errors in the initial rotor position at
different speeds.

The high-frequency injection method can accurately detect
the initial position by calculating the inductance at rest. How-
ever, it cannot easily implement and test the algorithm owing
to the signal processing required by high-frequency injection,
particularly in cases with low saliency ratios.

The d-axis alignment method, which relies solely on d-axis
current control for initial position detection, can detect the
initial position but produces vibrations caused by motor iner-
tia during d-axis alignment, thus leading to errors in the
initial position owing to the influence of current control
performance.

Time-delay position detection methods can be categorized
into position, current, and voltage time-delay compensations.
However, studies have focused primarily on current time-
delay compensation, where a manual speed-specific d-axis
current is applied to the dynamo system, and delay coef-
ficients are detected to compensate for the 0-Nm torque
generation. Moreover, voltage time-delay compensation has
been achieved by increasing the speed while controlling the
d-q axis current to O A and ensuring no d-axis voltage is
generated or compensating for 1.5z [25], [26]. However, such
methods are inapplicable for detecting delay coefficients at
high speeds and cannot distinguish and detect the electrical
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angle delayed component, essentially limiting their ability to
ensure precise torque control performance.

Therefore, this study measured hardware and software
delayed components and analyzed them through a delayed
component detection algorithm using the d-q axis voltage
equation. Furthermore, torque control performance at high
speeds was verified through compensation for the electrical
angle delayed components. This delayed component compen-
sation method can be applied to various types of position
sensors, and applies to motor performance verification and
mass production.

Offset + Position_delay compensation
A

OB peat pusition = Orasition gt = Orosicton ofysee + T + Lt L + Laa)0,

(= Bpositron_detay)
W phase

FIGURE 1. Electrical angle and d-q axis rotor position according to
delayed components.

Il. ROTOR POSITION DETECTION WITH ELECTRICAL
ANGLE DELAYED COMPONENT COMPENSATION

A. ROTOR POSITION DETECTION WITH THE

GENERAL METHOD

The unidirectional drive method, a simple algorithm that
enables initial position estimation and is primarily used in
mass production, was researched as a preliminary study. The
unidirectional drive method uses a dynamo system to control
the PMISM speed. The initial rotor position is calculated using
(1) and (2) based on the d-q axis voltage of the PMSM
synchronous coordinate system.

diy . dig .
Vg = (L1 — Ly cos26,) o L, sin ZGOE — WPy sin b,
+ ig (Rs + Lrw, sin260,)) — iz, (L1 + L cos 26,) ,
(D
dig . dig
Vg = (L1 + Lz cos 20,) T L, sin 2905 + wer cos b,
+ iy (Ry — Lyw, sin20,) — igw, (L1 — Ly cos 20,) ,
2)

where Vg4, V,, i, and i, represent the voltage and cur-
rent of the d-q axis of the synchronous coordinate system;
Ly, Ly, Ry, w, and ¢y are the inductance (Ly = (L; —
L), Ly = Ly + L), resistance, rotor speed, and magnetic
flux, respectively; and 6, represents the initial rotor position
error.

When the d-q axis current is in a steady-state and controlled
to 0 A, it can be represented using (3)—(6).

e

ch Y = w,"pr cos by, 4)

Vi = —w;™ ¢r sinb,, 3)
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V" = —wg" ¢y sinb,, 5)
VqCW = w."¢r cosb,, 6)

where Vi and V" represent the d-q axis voltage when
rotating counterclockwise at (" speed; and V5" and Ve
represent the d-q axis voltage when rotating clockwise at wS"
speed. The initial rotor position can be represented using (7).

0, = tan”"' (V”z::) = tan”~"' (VLZ:) @)
Vq V‘I

Moreover, the time-delay position detection method can
be represented by the current and voltage delay detection
methods using (8) and (9).

9Current7delay = Oposition _fb — 0o + U Current_Coeff Es@e (8)

where Opygision_fp 15 the rotor position read from the position
sensor; and currens_Coefr 18 a delay coefficient that includes
current and position delays, which can lead to errors because
it cannot differentiate between position delayed components.

9Volmge_delay = Oposition b — 0o + yoltage_Coeff LsPe» 9)

where dyolrage_coeff 15 a coefficient that includes voltage and
position delays. Generally, a voltage delay coefficient of
1.5 is used; however, it can lead to errors because it cannot
differentiate between position delayed components.

B. ROTOR POSITION DETECTION WITH DELAYED
COMPONENT DETECTION AND COMPENSATION

Electrical angle delayed components can be divided into
hardware and software delayed components. Therefore, the
delayed component (¢4) can be expressed using (10):

Yd = $Ynd + Pcd + Ppd + Pad
= (tphg + tea + tpd + tad)We = tq e, (10)

where ¢pg represents difficult-to-measure delayed compo-
nents, such as those from the position sensor and IC devices;
and ¢4 represents circuit filter delayed components, both
of which are hardware delayed components. For software
delayed components, ¢,q and @,y represent peripheral and
algorithm delayed components, respectively. The d-q axis
voltage equation, which includes the delayed components,
can be expressed using (11) and (12), as shown in the phasor
diagram in Fig. 2.

diyg
Va = (L1 —Lycos2 (0o + @a)) o

di
— Ly sin2 (6o + ¢a) d—j — wey sin (Oo + @a)

+ ig(Rs + Lrwe 5in2(0, + ¢4))
— igwe (L1 4 Lo cos2 (0 + @a)) (1)

di
Vg = (L1 + Ly cos2 (6o + ¢a)) d—f
. dig
= Lasin2 (6o + ¢a) - + @egy cos (6 + ¢a)
+ iy Ry — Lawe sin2 (8o + ¢a))
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(b) d-q axis phasor diagram with delayed components in Quadrant 3

FIGURE 2. d-q axis phasor diagram with delayed components.

— Tgwe(L1 — Ly cos 2(00 + @a)) (12)

When the d- and g-axis currents are at steady-states and
controlled to 0 A, they can be expressed using (13) and (14).

Va = —wetpy sin (0o + ¢a)

= —wedy sin (Op + tgwe) , (13)
Vq = cUeqbf cos (0 + @a)
= wer cos (0o + 1awe) (14)

where 6, represents the initial position error between the
position sensor and U phase; and 75w, represents the posi-
tion error due to delayed components. The rotor position
detection equation that includes delayed components can be
represented using (15) and (16).

- VCCW
P = atan( d ,
VqCCW

= 0o + ta|we| 15)
VCW
QCW:atan( d )
VCW’
q
= 0o — ta|we| (16)

where 6 and 6°V represent the rotor position errors dur-
ing forward and reverse rotations, respectively. The delayed
component detection (17) and (18), and initial rotor position
detection (19) and (20) can be derived using the difference
between (15) and (16).

AO = 2t |w,| 17)
AO
ty = (18)
2|we|
- A6
0, = 0" — > (19)
AO
6, = 0" + R (20)
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AB(6" —0°") represents the difference between the rotor
position during forward and reverse rotation and can detect
the delayed component 7.

C. ROTOR TIME-DELAY POSITION DETECTION WITH
DELAYED COMPONENT COMPENSATION

As shown in Fig. 5, the time-delay position through the
delayed component (z;) compensation can be represented
as position, current, and voltage time-delay compensations.
Therefore, the position time-delay compensation equation
can be represented using (21).

9P0sition_delay_comp = ePositi(m b — 90 + tgwe, (21)

where Oposition_delay_comp €an be represented by Oposition_bs
read from the position sensor, initial rotor position 6, with
delayed component compensation, and position time delay
tqwe. The current time-delay compensation with position
time-delay compensation can be represented using (22).

9Current7delay7comp = Oposition _fb — 0o + tywe
+ QCurrent_Coeff Ls@We, (22)

where Ocurrent_delay_comp TEPTEsents the rotor position with
delayed component compensation in the current synchronous
rotating frame. It can distinguish between the electrical angle
delay and current delayed components. As shown in Fig. 3(a),
QCurrent_Coeffts TEpresents the current delayed component,
which includes current sensor output delay, filter delay, and
delay at the point of reading the current. The current delayed
component is minimized in the design because current delay
affects the current size.

9Voltagefdelay7comp = Oposition b — 0o + tywe
+ (l.OtS(n) + O.SIS(,H_l))a)e, (23)

where Ovpiage_delay_comp Tepresents the rotor position with
delayed component compensation in the voltage-synchronous
rotating frame. It can distinguish between the electrical angle
delay and voltage delayed components. The voltage delayed
component, as shown in Fig. 3(b), is compensated by 1.0¢)
owing to the reflection of the pulse width modulation (PWM)
next cycle and by 0.5¢4,4+1) owing to the average voltage of
the next cycle.

The electrical angle is subject to an increasing error with
increased driving frequency owing to various delayed com-
ponents. These errors result in inaccuracies in the rotor
position during the current and voltage coordinate transfor-
mation processes. Consequently, the current sensing timing
and voltage vector command are delayed, reducing the vec-
tor control performance. Fig. 4 compares the rotor position
before and after delayed component compensation at high
speeds, thus revealing large errors. As shown in Fig. 5, the
system detects position delayed components and improves
high-speed torque control performance through position, cur-
rent, and voltage time-delay compensations.
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FIGURE 4. Comparison of electrical angles for current, voltage, and
position time delays at high speeds.
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FIGURE 5. Torque control block diagram with delayed component
compensation.

IIl. ANALYSIS OF PMSM CONTROL WITH ELECTRICAL
ANGLE DELAYED COMPONENT COMPENSATION

A. SIMULATION SETUP

This study presents a method for detecting and compensating
electrical angle delayed components to accurately determine
the rotor position.

The delayed component error in inverter design can be
detected using no-load speed control and a dynamo system.
Friction and inertia consume current in no-load speed control.
The amount of current consumed increases when the rotor
position is not accurately compensated, thus leading to errors
in the rotor position detection algorithm. The initial rotor
position and delayed components can be compensated for
by repeating the proposed method three or four times, thus
allowing for estimating the accurate position. The detection
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method using the dynamo system measures the d-q axis volt-
age by controlling the d-q axis current to 0 A at forward speed;
this process is repeated in reverse rotation. Speed should
be increased to minimize dead time and switching loss and
increase the d-q axis voltage reliability.

TABLE 1. Simulation specification of the 15 kW traction motor.

Property 15 kW
Phase resistance [Q] 0.0272
d-axis inductance [mH] 1.35
g-axis inductance [mH] 2.13
Magnetic flux [mVs/rad] 90.83
Poles 8
Position Delay [ps] 10
Position Offset [rad] 0.349

Table 1 presents resources from MATLAB Simulink, com-
paring the rotor position estimation through the unidirectional
driving method of the preliminary study and the proposed
delayed component detection and compensation method.

B. COMPARISON OF THE SIMULATION RESULTS

Fig. 6 shows graphs where the initial rotor position is detected
using the unidirectional driving method (existing method)
through MATLAB Simulink. As shown in Figs. 6(a) and 6(c),
the initial rotor position is subject to errors due to delayed
components as speed increases. Table 2 presents that the
maximum error of the initial rotor position was 0.125 rad.
In Figs. 6(b) and 7(d), the d-axis voltage decreased by com-
pensating for the initial rotor position measured at 1000 rpm
and measuring the d-q axis voltage using speed.

Thus, the detected initial rotor position at the measured
speed included delayed components, thus resulting in posi-
tion errors. The error rate increased with speed. In addition,
the initial rotor position differed with the rotation direction.
However, the rotor position error was the same for both
forward and reverse rotations, indicating the influence of the
delayed component #;w,.

As shown in Fig. 7(a), the proposed method matches the
initial position of the rotor at different speeds. Although
errors occurred owing to inaccurate voltages caused by losses
at 1000 rpm, the initial rotor position matched at speeds
over 2000 rpm. Fig. 7(b) shows data obtained by detect-
ing delayed components, where a delayed component of
9.96 us was detected at speeds above 2000 rpm. Forward
and reverse d-axis voltages barely occurred by compen-
sating for the detected initial rotor position and delayed
components and measuring the d-q axis voltage, as shown
in Figs. 8(a) and 8(b), and the forward and reverse q-axis
voltages were symmetrical.

Therefore, the initial rotor position and position delay can
be estimated accurately by detecting and compensating for
delayed components.
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FIGURE 6. Comparison of rotor initial position and d-q axis voltage of the
unidirectional driving method by speed.

TABLE 2. Initial rotor position and position error by speed.

Theta offset [rad] Theta error [rad]

RPM

(CCW/CW) (CCW/CW)
1000 0.353/0.342 0.0042/0.0042
2000 0.357/0.341 0.0084/0.0084
3000 0.361/0.337 0.0126/0.0126
4000 0.366/0.332 0.0168/0.0168
5000 0.370/0.328 0.0209/0.0209

Fig. 9 shows the forward speed-dependent torque per-
formance curves and torque control precision using the
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TABLE 3. Initial rotor position, position error, and delayed components of
delayed component compensation method at different speeds.

RPM Theta offset [rad] Theta error [rad] Theta delay [ps]
1000 0.347 0.002 13.9
2000 0.348 0.001 9.97
3000 0.349 0.0 9.96
4000 0.349 0.0 9.95
5000 0.349 0.0 9.97
0.36 -
—m—Offset
T .
= ;
e e T
0.33 ; : : i i
1000 2000 3000 4000 5000

Speed [rpm]
(a) Initial rotor position of delayed component compensation method by

speed
16

—m—Position Delay

~
) .
S ek
3 H
S ‘
B~ i
=, 12 S
3 3
] :
E 10 - »- - O
= ;
z ]
& : i

8 T T T T T

1000 2000 3000 4000 5000
Speed [rpm]

(b) Rotor position delayed component of delayed component
compensation method by speed

FIGURE 7. Initial rotor position and position delayed component of
delayed component compensation method at different speeds.

unidirectional driving (existing method) and proposed
delayed component compensation methods. In the motoring
section, the unidirectional driving method demonstrated a
reduced feedback torque compared with the command torque
with increased speed and an increased error rate, as shown
in Figs. 9(a) and 9(c). Similarly, in the generating section,
the feedback torque decreased compared with the command
torque as speed increased, and the error rate increased,
as shown in Figs. 9(b) and 9(d). By contrast, the proposed
delayed component compensation method maintained almost
constant command and feedback torques in the motoring
and generating sections and exhibited an excellent precision
of 1.67%.

Fig. 10 shows the reverse speed-dependent torque per-
formance curves and torque control precision using the
unidirectional driving (existing method) and the proposed
delayed component compensation methods. The unidirec-
tional driving method demonstrated an increased feedback
torque compared with the command torque with increased
speed in the motoring section and an increased error rate,
as shown in Figs. 10(a) and 10(c). Similarly, in the generating
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FIGURE 8. Comparison of d-q axis voltage of delayed component
compensation method at different speeds.

section, the feedback torque increased more than the com-
mand torque as the speed increased, and the error rate
increased, as shown in Figs. 10(b) and 10(d). By contrast, the
proposed delayed component compensation method main-
tained almost constant command and feedback torques in the
motoring and generating sections and exhibited an excellent
precision of 2.26%.

In conclusion, the unidirectional driving method increased
torque error in the counterclockwise direction owing to an
inaccurate rotor position caused by a 10us delayed compo-
nent. However, the delayed component compensation method
compensated the 9.96us delayed component, thus ensuring
accurate initial rotor position and position delay and improv-
ing torque control performance.

IV. EXPERIMENT RESULTS OF PMSM CONTROL WITH
ELECTRICAL ANGLE DELAYED COMPONENT
COMPENSATION

A. EXPERIMENTAL SETUP

This section compares the existing unidirectional driving ini-
tial position and proposed delayed component compensation
initial position detection methods. Further, the torque control
performances are compared using position delay compensa-
tion during driving. The experiment was performed using a
15-kW traction motor and 90-kW towing motor (load motor
of the dynamo system), as shown in Fig. 12. The 15-kW
traction motor is an embedded PMSM using a resolver as the
position sensor. Tables 4 and 5 present the motor and inverter
specifications.
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In this experiment, we controlled the d-q axis current to 0 A
and measured the d-q voltage at each speed. We detected
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FIGURE 10. Comparison of motoring and generating torque control
performance [CW].

the delayed component and compensated for the detected
delayed component using the proposed algorithm to detect
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TABLE 4. Specification of the 15-kW traction motor.

Property 15 kW
Phase resistance [Q] 0.0272
d-axis inductance [mH] 1.35
g-axis inductance [mH] 2.13
Magnetic flux [mVs/rad] 90.83
Poles 8
TABLE 5. Specification of the 15-kW inverter.
Property 15 kW
DC voltage [V] 320
Switching frequency [kHz] 4
Cooling type Water Cooling

d  oofkw) b
Motor Dyno. ik

Target
Inverter _|

FIGURE 11. Motor dynamo test environment.

Do Cirent Table . Qs Current Table

Targue [Nmi @005 T ambda i)

FIGURE 12. Flux-based current map table.

the rotor position. We used the flux-based current map in
Fig. 12 rather than a speed—current map to validate the
impact of delayed components and compare torque control
performance.

B. COMPARISON OF THE EXPERIMENT RESULTS

First, we estimated the initial rotor position using the unidi-
rectional driving method and verified the motor performance
by applying the estimated initial rotor position. Subsequently,
we verified the motor performance by applying the ini-
tial rotor position and position delay obtained through the
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TABLE 6. Average initial rotor position and position error by the speed of
the unidirectional driving method.

RPM Theta offset [rad] Theta offset [rad]
(CCW) (CW)
500 0.607 0.597
1000 0.608 0.596
1500 0.611 0.593
2000 0.615 0.589
2500 0.619 0.585
3000 0.622 0.583
3500 0.624 0.580
4000 0.625 0.577

proposed delayed component compensation method. Finally,
we modified the resolver signal filter time constant, detected
and compensated for delayed components, and verified the
motor performance.

Table 6 presents the average data of the initial rotor
position of the unidirectional driving method. The exper-
iment was repeated five times, detecting the initial rotor
position in 500 rpm increments up to 4000 rpm. As veri-
fied in the simulation, the initial rotor position increased in
the forward direction and decreased in the reverse direction
with increased speed. The initial rotor positions detected
at 500 rpm were 0.607 rad [CCW] and 0.597 rad [CW].
Moreover, the initial position error by speed was proportional
to fyw,. The d-axis voltage increased when the initial rotor
position of 0.607 rad was applied, and the d-q axis voltage
was measured, as shown in Fig. 13. The count in Figure (a)
and (c) refers to the number of tests for each speed to find the
initial position, and is the result of a total of 5 repeated tests.

Therefore, the unidirectional driving method inaccurately
detected the initial rotor position owing to delayed com-
ponents, thus rendering difficulty in determining a reliable
speed range for the initial rotor position. Furthermore, the
four-quadrant torque control performance decreased because
the tendency of the initial rotor position error was opposite
the rotation direction.

Fig. 14 shows the graphs of the detected initial rotor posi-
tion and d-q axis voltage by applying the delayed component
compensation method. The count in Figure (a) and (b) refers
to the number of tests for each speed to find the initial
position, and is the result of a total of 5 repeated tests. Table 7
presents the average data of the initial rotor position and
delayed component. The experiment was repeated five times,
detecting the initial rotor position in 500 rpm increments up
to 4000 rpm. Almost no difference in the initial rotor position
error by speed was observed. A considerable error can occur
in the delayed component owing to minor changes in the
voltage measured at 500 rpm because the delayed component
value was extremely small. Thus, ensuring sufficient voltage
can increase reliability. In the experiment, data measured
from 1000 rpm and above exhibited high accuracy.
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FIGURE 14. Comparison of rotor initial position and d-q axis voltage of
the unidirectional driving method by speed.
The torque control performance was compared by compen-
sating 0.607 rad measured using the unidirectional driving
method, along with 0.602 rad and a delayed component of Fig. 15 shows the precision of four-quadrant torque con-
16.3 s using the delayed component compensation method. trol through delayed component compensation. The torque

VOLUME 11, 2023 129475



IEEE Access

S. Kim et al.: High-Performance PMSM Control With Electrical Angle Delayed Component Compensation

Unidirectional Drive Method

I

Delay Component Compensation Method

# Max 1.49[%]
- 1opxa
20
30 Diml
. 10 [Nem]
L T o S + 50Nl
« 60 [Nm]
> 70 Nml
o 50 pml
* 90 [Nm]
oo J00 o w000
Speedfipm]
g
120
100
200
00
100
I:m
00
1500 300 1500 w000 7300
Speediipm]

(a) Comparison of torque control precision in Quadrant 1

- « Max 11.73[%]
zs
H 1
§ oty
e |
£ jEnTT
H i,
2000 ™ o o
Specttepmi
o0
0
o
5
£
H
S
2
150 3000 w0 a0 0
Specdfrom
Unidirectional Drive Method
# Max 7.5[%]
b R B S 3
ol
T
+ oMl
+ sopml
ey o
Speedfepm}

4500 000 1510
Specdfrpm]

Delay Component Compensation Method

# Max 2.61(%)

“om
Specdirpm]

150 000
Specdfrpm]

(b) Comparison of torque control precision in Quadrant 2

Unidirectional Drive Method

¥ Max 13.3[%)]

o0
Speedfrpm]

1500

s oo

Speed]rpm]

3000 “tsc0

Torque Errorfs]

revasares

Delay Component Compensation Method

¥ Max 2.31[%]|

- s 2000 2000

Speedirpm]

000 oo

Speedfrpmi]

3000

(c) Comparison of torque control precision in Quadrant 3

Unidirectional Drive Method

10

Torgue Evrorf%]

¥ Max 7.3[%)

TR R

Torque[Numj

2000 a0 s E
Speedfrpm]

150 3000 4300 a0
Specdfrpin]

i
80N
o o0 [Nm]

Delay Component Compensation Method

¥ Max 2.2[%)

200 000
Specdjrpmnj

Speedfrpm]

(d) Comparison of torque control precision in Quadrant 4
00

1

Torque Error]’]

]

TorguelNm]

Torgue Errorf*]

Torque (Nm]

8000 <500

3000 1800
Specd frpm)

o0 o0
Speed jrpm]

Torque [N}

7500

“a00 ELT)
Speed frpm]

4530
Speed frpmf

(e) Comparison of four-quadrant torque control precision

FIGURE 15. Comparison of four-quadrant torque control precision
through delayed component compensation.

error rate increased sharply with increased speed for the
unidirectional driving method. The proposed method had an
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FIGURE 16. Comparison of torque control performance by change in filter
time constant.

extremely small error rate with increased speed. Furthermore,
the unidirectional driving method exhibited torque tilting in
the counterclockwise direction during four-quadrant driv-
ing owing to delayed components. Unlike the unidirectional
driving method, the proposed method maintained an almost
constant torque. It yielded excellent torque control precision,
with a maximum of 13.3% and 2.61% for the unidirectional
driving and proposed methods, respectively.

Table 8 presents the delayed component measurement data,
which compares the delayed components when the filter
cutoff frequency of the sin and cos signals of the revolver was
modified from 32.3 to 9.0 kHz. Circuit filter, peripheral, and
algorithm delays were delayed components measured using
an oscilloscope, and detection delay was the delayed com-
ponent detected through the proposed algorithm. Converted
into detected data, the difficult-to-detect hardware delay was
—14.2 and —16 us, a small error rate to be reliable.
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TABLE 7. Average initial rotor position and delayed component by speed
for the delayed component compensation method.

RPM Theta offset[rad] Delayed component [ps]
500 0.602 22.4

1000 0.602 13.8

1500 0.602 14.8

2000 0.602 16.1

2500 0.602 16.3

3000 0.602 154

3500 0.602 15.0

4000 0.601 14.5

TABLE 8. Delayed component measurement data.

RPM Proposal Method1 Proposal Method2
(fc: 32.3 kHz) (fc: 9.0 kHz)
Hardware delay [us] —14.2 —16
Circuit filter delay [us] 6.5 15
Peripheral delay [ps] —0.9 —0.9
Algorithm delay [ps] —7.7 —7.7
Detection delay [ps] —16.3 —9.6

Detecting and compensating the delayed components
using Proposal Methodl and Proposal Method2 demon-
strated a torque error rate of less than 2% between motoring
and generation, as shown in Fig. 16. Even if the inverter
design changes the delayed component, the torque control
performance can be maintained by compensating the delayed
component using the proposed algorithm.

V. CONCLUSION

This study analyzed electrical angle delayed components
caused by inverter components and design errors and
compared the existing rotor position detection method to
assess the impact of electrical angle delayed components.
An algorithm for detecting and compensating for the delayed
components was proposed and experimentally validated to
accurately detect the rotor position. The unidirectional driv-
ing method was used as a reference, which is easy to compare
and analyze for delayed component detection and predomi-
nantly used in PMSM mass production.

The proposed detection of the rotor position by compen-
sating for electrical angle delayed components was classified
into an analysis of the initial rotor and time-delay posi-
tion detections. The delayed component was detected and
compensated for in the initial rotor position detection to accu-
rately detect the initial rotor position. The time-delay position
detection proposed and compensated for new position, cur-
rent, and voltage time delays through delayed component
compensation to accurately detect the rotor position.

For the initial rotor position detection, under the unidi-
rectional driving method, the delayed component t; was
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proportionate to w,, resulting in a maximum occurrence of
0.2 rad. The maximum error was 0.048 rad, with 0.625 and
0.577 rad in the forward and reverse directions, respectively,
by the error of % according to the rotation direction. By con-
trast, the proposed method detected a delayed component of
—16.3 us and compensated for it with the d-q axis equation,
resulting in an initial rotor position error of 0.001 rad accord-
ing to speed. No initial position errors occurred in either
the forward or reverse direction. A maximum error of 4.0%
was observed when comparing the initial position error of
0.625 rad in the unidirectional driving method with the
0.601 rad of the proposed method.

The time-delay position was analyzed for torque control
precision using a flux-based current map. The unidirectional
driving method exhibited an increased torque error rate with
speed, and the maximum torque control precision was 13.3%.
The proposed method was highly resilient to speed increase
and achieved a 2.6% torque control precision.

In addition, even when the delayed component filter time
constant was changed from 32.3 kHz to 9.0 kHz, the pro-
posed algorithm maintained the torque control performance
within 2%.

Finally, the electrical angle delayed component varied
with the inverter components and design errors. This study
is significant for improving torque control performance by
robustly and accurately detecting the rotor position against
inverter components and design errors through the delayed
component detection and compensation method.
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