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Abstract

This paper presents the winding design and lead angle control for the maxi-
mum speed of an Interior Permanent-Magnet Brushless DC Motor
(IPMBLDCM) for the subway locomotive. The maximum speed of the
IPMBLDCM is regulated by the linkage flux and armature reaction by lead
angle control because permanent magnet magnetomotive force(mmf) cannot
be regulated directly. The maximum speed of IPMBLDCM for the subway
locomotive is 2.34 times than rated speed. As the speed regulation ratio is
larger than 2, the maximum speed of the motor must be ensured by lead-angle
and conductors per slot. If lead-angle is regulated, no-load speed is increased
by linkage flux changing at the no-load state, and rated speed is increased by
armature reaction. The relation between the speed and torque, output power,
efficiency by lead angle, and conductors per slot are simulated in Ansoft Max-

well/RMxprt software. The simulation result verified that the speed and torque,
output power, and efficiency are constant at the range of 47°~68° and the max-
imum speed is 1948r/min. Experimental results indicate that the operation of
the IPMBLDCM considered is stable at the maximum speed.
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1. Introduction

The IPMBLDCM without exciting winding and exciting source is widely used to replace the traditional DC motor
for the subway locomotive. IPMBLDCM is gaining much interest in subway locomotive applications because of its
high efficiency, simple control mode, and small size. The motor considered is a homemade 150kW, 3-phase, 8-pole
IPMBLDCM. Its rated and maximum speeds are 835r/min and 1948r/min, respectively. PMBLDCM has a wide
speed regulation range and start current and start torque, and the starting time is small [1, 2]. The torque ripple is
reduced by dual mode coupling 120 conduction mode and 180 conduction mode in PMBLDCM [3, 4]. Also,
PMBLDCM generates enough torque and speed by combining the mode of motor/generator [5]. From zero to base
speed, it is dependent on applied voltage, and above the base speed, it is dependent on flux weakening by torque
angle [6]. The armature reaction effect and winding inductance of PMBLDCM are analyzed in the FEM [7]. In [8,
9], the speed of PMBLDCM is regulated by voltage. In this case, the torque is constant and output power is increased
with speed. In [10-20], maximum speed of PMBLDCM is regulated by flux-weakening. If PMSM is operated to
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PMBLDCM, it can be operated at high efficiency [21-23]. The paper presents the linkage flux and no-load speed
regulation principle by lead-angle. Also, the d-axis armature reaction mmf to decrease permanent magnet mmf is
presented by lead angle. The relation between the speed and torque, output power, efficiency by lead-angle, and
conductors per slot are simulated, and a stable lead-angle range is found in Ansoft Maxwell/RMxprt software.
Through experiment, speed and output power are measured by lead-angle, and conductors per slot to operate max-
imum speed are verified.

2. Linkage flux decreasing by the lead-angle control

To increase the speed of IPMBLDCM, it can use voltage regulation first and flux-weakening control after that.
If the lead angle of phase winding is regulated in IPMBLDCM, the linkage flux of winding can be regulated. Each
phase of winding is conducted at a 120° electric angle and two-phase winding is always conducted. When air-gap

flux field distribution is 150° trapezoidal waveform and lead-angle are 0, g, g , the winding linkage flux density of
IPMBLDCM is shown in Fig. 1.
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Figure 1. Winding linkage flux-density by the lead-angle.

Where 0 is the electric angle and a is the lead-angle. The air-gap flux field distribution is 150° trapezoidal wave-
form in this paper. If lead angle is increased, the average linkage flux during conducting a range of 120° is decreased.

a=0 B = Bpax
0<a<IB=(-5a%+1)Bya )
f<a<iB=(-2a+3) By
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\ %Sasg 0=(—%a+%)®0

As known from equation (2), linkage flux by the lead-angle is decreased and flux-weakening effect appears.
3. No-load speed by the lead-angle

If back-emf induced in phase winding is constant, no-load speed by the lead-angle is obtained as

a=0 ny=ny, 0=0, E=C0Oony

0<ac< gno = (_in% 3)
I T T zn:lN
k 3 <ac< ST = (__[H_)
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From equation (3), it is known that no-load speed is increased when the lead angle is large. When the lead angle
is 60°, the no-load speed is increased twice. If the lead angle is increased from 60° to 89°, no-load speed is increased
quickly. When lead-angle is increased more than 84°, no-load speed is increased rapidly.
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Figure 2. No-load speed by the lead-angle.

This is the theoretical analysis when air-gap flux field distribution is 120° trapezoidal waveform and the conduct-
ing angle of phase winding is 120°. When air-gap flux field distribution is a wide trapezoidal waveform than 120°
and the lead-angle is controlled, circle current flows between the inverter and non-conducting winding, and it is
generated damping torque. Therefore, maximum speed is verified correctly.

4. Average d-axis armature reaction mmf changing by the lead-angle

The d-axis armature reaction mmf is changed by lead-anglea.

1) lead-angle a = 0

While the rotor pole of IPMBLDCM moves from the start position in Fig.3.1 to the end position in Fig.3.2, the
A phase conducts in a positive direction, and the B phase conducts in a negative direction. The armature reaction
mmf changes the amplitude and waveform of the air-gap flux field. Figure 3 shows the armature reaction mmf at
lead-angle 0.

Figure 3. Armature reaction mm fat the lead-angle 0.

In Fig. 3, F, is armature reaction mmf, F,, is d-axis armature reaction mmf, F,,is q-axis armature reaction

mmf, Fy is permanent magnet mmf. The armature reaction mmf of one-phase winding is expressed by
-k,
F, =20 4)
2p

where w is the number of turns per phase, kg, is the winding factor, / is the phase current. The resulting armature
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reaction mmf for two phases can be obtained as
w-k
F, =2.F sint={3.—%.1 (5)
3 2p

The d-axis armature reaction mmf does flux-weakening action at the start position and flux-strengthening action
at the end position, therefore average d-axis armature reaction mmf does nothing.

2) lead-angle o = g
Figure 4 shows the armature reaction mmf at lead-angle g. The relation between armature reaction mmf F, and
permanent magnet mmf at the start position is shown in Fig. 4(1).

Figure 4. Armature reaction mmfat the lead-angle g.

At that time, F, decreases Fy .

T[
Foa1 = FacosE (6)
The d-axis armature reaction mmf is not existed at the end position in Fig. 4(2).
Faaz=0
The average d-axis armature reaction mmf is obtained as.
1 1 T
Faam =E(Fad1 + Faa1) :EFaCOSE (7)

3) lead-angle a = g
Figure 5 shows the armature reaction mmf at lead-angle g All of the armature reaction mmf'is the d-axis armature
reaction mmf and do maximum flux-weakening action at the start position in Fig. 5(1).
Faa1 = K, ®)

The g-axis armature reaction mmf Fg, is not existed and electromagnetic torque is not generated.

1) 2)

Figure 5. Armature reaction mmfat the lead-angle g
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The d-axis armature reaction mmf F,; do flux-weakening actionat the end position in Fig. 5.2.
Foar = Facosg C)
Average d-axis armature reaction mmf is obtained as.
1 1 n
Fadm =5 (Faqy + Fagz) =3 Fa (1+ cos ) (10)
4) lead-anglea = g
The average d-axis armature reaction mmf is obtained as.
1 T T T
Fogm = EFa (cosz + cos g) = FaCOSg (11)

The g-axis armature reaction mmf F,, generates damping torque at the start position and rotating torque at the
end position. Therefore, average rotating torque is not generated and IPMBLDCM is not operated. The results of
the average d-axis armature reaction mmf by the lead angle are summarized in Table 1.

Table 1. Average d-axis armature reaction mmf by the lead-angle

Ne Lead-angle Average d-axis armature reaction mmf
1 0 0
2 T 1 L)
6 E Fa cos g T Fa
T 1 s 3
3 § EFa(1+COS§)=ZFa

The speed of IPMBLDCM is higher because the flux-weakening action of average d-axis armature reaction mmf
is increased with lead-angle a. But the flux-weakening effect is less as the armature reaction mmf is much smaller
than permanent magnet mmf.

5. Simulation result

The cross section of the home-made 150kW rated IPMBLDCM considered and its magnet pole structure is shown
in Fig. 6. The rotor has the interior form, where the permanent magnet used is Nd-Fe-B. The stator has 48 slots and
48 coils.

Figure 6. Cross section of the home-made 150kW rated IPMBLDCM.
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The technical data for the 150kW IPMBLDCM considered is given in Table 2.
Table 2. IPMBLDCM data

No Description Dimension
1 Output power 150kW
2 Rated voltage 750V
3 Number of poles 8
4 Rated speed 835r/min
5 Maximum speed 1947r/min
6 Rated torque 1715Nm

The structural data for the 150kW IPMBLDCM considered is given in Table 3.
Table 3. Dimensions of the IPMBLDCM

No Description Dimension
1 Outer diameter of stator core 434mm
2 Inner diameter of stator core 323mm
3 Number of stator slot 48
4 Number of phase 3
5 Conductors per slot 8
6 Physical air gap Imm
7 Core length 360mm
8 Magnet height 10mm
9 Magnet width 100mm

The simulation is done in ANSOFT MAXWELL/RMzxprt software.
The flux field distribution of IPMBLDCM in the no-load state is shown in Fig. 7.
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Figure 7. Flux field distribution in the no-load state.

Fig. 8 shows the no-load air-gap flux density distribution under one pole.
The no-load speed and rated speed, efficiency, torque, output power of 150kW IPMBLDCM is simulated by lead-
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angle and different conductors per slot in Ansoft Maxwell/RMxprt software.
Fig. 9 shows the no-load speed curve by the lead-angle and conductors per slot.
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Figure 8. No-load air-gap flux density distribution under one pole.
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Figure 9. No-load speed curveby the lead-angle and conductors per slot.

As above theoretical analysis, the more lead-angle increases, the more quickly the no-load speed increases. Fig.
10 shows the rated speed curve by the lead angle and conductors per slot.
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Figure 10. Rated speed curve by the lead-angle and conductors per slot.

DOI: 10.26855/jepes.2023.12.005 87 Journal of Electrical Power & Energy Systems



Myongsong Cha, Chol Sok, Chon Ung Kim

When the lead angle is 47° and conductors per slot are 8, the rated speed is 835r/min and when the lead angle is
89° and conductors per slot are 8, the maximum speed is 1948r/min. When the conductors per slot are 10, 12, and
14, the rated and maximum speed is lower. Fig. 11 shows the efficiency curve by the lead angle and conductors per

slot.
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Figure 11. Efficiency curve by the lead-angle and conductors per slot.

The efficiency is between 95~92 percent when the lead angle is larger than 47°. Fig. 12 shows the output power
curve by the lead angle and conductors per slot.
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Figure 12. Output power the lead-angle and conductors per slot.

The output power is generated at 150kW when conductors per slot are 8, but the output power is lower than
150kW when conductors per slot are larger than 8. Fig. 13 shows the rated torque curve by the lead angle and

conductors per slot.
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Figure 13. Rated torque curve by the lead-angle and conductors per slot.
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Fig. 14 shows the efficiency and speed, rated torque, and output power curve by the lead-angle when conductors
per slotare 8.
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Figure 14. Relation between efficiency, speed, torque, output power.

To operate IPMBLDCM stable, motor property values must be constant at any range of lead-angle.
The stable lead-angle range of IPMBLDCM is 47°~68° in Fig. 14.

6. Experimental results
The IPMBLDCM considered is shown in Fig. 15.

—h
i

Figure 15. The IPMBLDCM.

The speed and torque, output power, efficiency are tested on the lead-angle control of 150kW, 3-phase, 8-pole
IPMBLDCM. The characteristic are tested as the lead-angle changes from 0° to 89°.Experiment results are reported
in Table 4.

Table 4. Experiment results

No Lead-angle(°) 1(A) P(kW) n(r/min) T(Nm)
1 49 260 150 835 1710
2 68 230 150 1030 1390
3 89 210 150 2080 705
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The speed curve by the lead-angle of IPMBLDCM which is to be observed in the real experiment is shown in

Fig.

16.
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Figure 16. Speed curve by the lead-angle.

As can be seen from the experiment results, when the conductors per slot are 8 and the lead-angle is 88°,
IPMBLDCM confirms to attain the rated speed of 835r/min and the maximum speed of 1948r/min with safety.

7. Conclusion

The linkage flux changing by lead-angle is increased no-load speed of IPMBLDCM. At the load state, the arma-
ture reaction does reflux-weakening action but its effect is small. The main flux-weakening effect is dependent on
linkage flux by lead angle and the d-axis armature reaction effect is less. And linkage flux and d-axis armature
reaction mmf are explained in the equation. The simulation result in Ansoft Maxwell/RMxprt software is verified
rated and maximum speed and output power and stable operation range. The experiment result shows that the the-
oretical analysis and simulation results are correct.
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