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Fig.1 Structure of motor

1.2 TRIEITIRIE

5N EHLIARE, PC-DSPM HLHLEE T & 5 i kit
TGRS AR E N, 2 AT AN R B H 6 AN TR
FEPE A IS R RE3E , HEIEC A AN RDE B F AR R4,
SEHLR ML AR HIZ AT . (R, X PC-DSPM HI Lk igkE 7 it
1700 M, ARG R Ty SR S ARS8 AT (R it

2 N PC-DSPM  HAML7K B S B Rl 2 e T A 1 4
Hro W2 har U, B $08 2. 3. 4. 9. 10 F1 16

2 445 B SR L

]Electro_mqtive force of = harmonicin in 4 pole-pairs
harmonic in 2 pole-pairs PR A

1O 4R B Sk 7 1 37 lglm& Wi /&_Eu?m Lug,

Electromotive force of ~ ——» ectromotive force o

harmonic in 10 pole-
5L 4 R e 3
Synthesis electromotive force —p-
of harmonic in group 1

a. A BRI KR
a. Electromotive force phasor of harmonic in group 1
1L 20 3 RRKE .
Note: 1, 2, 3++* represent the coil No..

A AN IR PR N L
Electromotive force of ——

harmonicin in 16 pole-pairs
2R ) 5 IR HL B
Synthesis electromotive force —p»-
of harmonic in group 2

b. 5 KRR A R

b. Electromotive force phasor of harmonic in group 2

FIE I e AR . o, 3 Al f e 7 Bk
RBEARE A, 9 XIS 12 AN E TR R 3
DO & 2R R N s S P S N O e < PR & (B ) S =R O RS R
HARRTER L, ToVE SRR T 2. 4. 10 F1 16 X
VS I 4 D) 2 o B 0o 7 L o e P R A A P =
A, HBEE 7R e (CREEMFED , Fika e 1
SRR RN S, N TAE D .

5. 15
EE 10
Mezos
FEEZ 00
EHE3-05
%2 %10
E =-15 L L L L L )
5 0 60 120 180 240 300 360
#-F42 & Rotor position /(°)
a. KGR
a. Permanent magnet flux density
=
2 0.8 10 15T o)
206 14 0.62T (pp=3)
Bo04 2 37T’(Ii?5?)1' (=9
g 0.34T (py=10)
<o02kv - 2 0.19T (py=16)
g U Lol
= 0.0 M TS Il T I N T D B |
= 0 5 10 15 20 25 30 35 40 45 50

1% 4% %3 2 Number of harmonic pole-pairs

T 24 4 100 16 RPN E; 3. 9 REIEEEMEAI G pn IR
POg-e

Note: 2, 4, 10 and 16 are pole-pair numbers of rotating harmonics; 3 and 9 are
pole-pair numbers of stationary harmonics; pg, is number of harmonic pole-pairs.

b. R
b. Harmonic spectrum
B 2 RERLE B AT
Fig.2 Permanent magnet flux density and harmonic analysis
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Table 1 Winding connection scheme under different modes
B A B CH
Mode Phase A Phase B Phase C
I (1+7)-(4+10) (5+11)-(2+8) (3+9)-(6+12)
I (1+7)+(4+10) (5+11)+(2+8) (3+9)+H(6+12)

11 (1+7)-(2+8) (5+11)~(6+12) (3+9)-(4+10)
W T T Ol RERLEIAEF AR A R 1, 2, 3RS,

Note: “+” and “~” represent that coil groups are connected in the same and
represent the coil No..

reverse direction; 1,2, 3+-*
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CHH 2k el 2H3 2k 26 CH 2413 B EE CH 2B 4H3 e
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Fig.4 Winding connection methods under different modes
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Note: Uy is voltage, V; “+” and “~” represent the positive and negative terminals

of voltage; iy-iy are currents of coil group, A.
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Fig.5 Dual three-phase driving control principle
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Fig.6  Torque-speed curves in different modes
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WA 0~7.7. 7.7~10.5 F1 10.5~32.7 km/h.
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Table 2 Operation parameters of motor and tractor

(50 L fahr WL L
Mode Motor speed/(r~min") Tractor speed/(km'h'l)
I 1250~3 900 10.5~32.7
I 920~1 250 7.7~10.5
m 0~920 0~7.7
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Fig.7 Block diagram of active disturbance rejection control
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current angle
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current angle
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Fig.8 Block diagram of tracking differentiator
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Electronic pole-changing strategy and analysis for PC-DSPM motor in
electric tractors

DU Yi!, SUN Xu', SUN Yandong?®, XIAO Feng'*, ZHU Xiaoyong', MAO Yi', YAN Xukang®

(1. School of Electrical and Information Engineering, Jiangsu University, Zhenjiang 212013, China; 2. China Automotive Innovation
Corporation, Nanjing 211100, China)

Abstract: Benefiting from driving by an electric motor, an electric tractor is one of the most effective means to realize green
agricultural production with high efficiency, zero emission, and low noise. The field and road operating conditions can usually
occur in electric tractors. Specifically, the typical speed of the former is 2-7, and 7-10 km/h, whereas, the latter is mainly used
in the condition of transportation with the speed of 20-35 km/h. The speed of an electric tractor can be in the discrete form in
the very wide range of speed regulation. In this study, a pole-changing doubly-salient permanent magnet (PC-DSPM) motor
was proposed using the PC operation. Different output characteristics were also obtained to meet the special operation of
electric tractors. The working components were firstly selected as the 2, 4, 10, and 16 pole-pairs harmonics with the higher
amplitude, according to the general air-gap field modulation. Then, four working harmonics were divided into two groups, in
terms of the slot pitch angles. As such, the coil electromotive force (EMF) phasor graphs under the working harmonics of
Group 1 were totally different from that of Group 2, in order to achieve the PC operation using different winding connections.
Three kinds of armature winding connections were then designed using the coil EMF phasor graphs. Thus, three operating
modes of the PC-DSPM motor were achieved to select one or two groups of working harmonics in the electromechanical
energy conversion using the filtering effect of armature winding. Two PC switching points were determined in the constant
power region with the mechanical characteristic curves of the PC-DSPM motor under three modes. The motor speed was
divided into low (0-920 r/min), medium (920-1 250 r/min), and high speed (1 250-3 900 r/min). In terms of the gear-box with a
fixed ratio of 18 and the wheels with a diameter of 0.8 m, the speeds of electric tractors in the three modes were 0-7.7, 7.7-10.5,
and 10.5-32.7 km/h, respectively, in order to meet the speed demands of field and road operations. Furthermore, an electronic
PC method was proposed to change the current angles and the armature winding connection for continuous PC operation. Two
sets of three-phase windings were controlled by a six-leg inverter under the dual three-phase control theory. The current angle
in each coil was then controlled independently. Active disturbance rejection control (ADRC) was designed in the current loop
of the control system for the PC-DSPM motor. The real-time disturbance was reduced and then suppressed during the PC
process. In addition, a tracking differentiator (TD) was also used to arrange the switching of the current angle. The current was
smoothed without overshoot after arrangement. The simulation and experimental analysis of the PC-DSPM motor were
performed at the first PC switching point (920 r/min, 4.75 N-m), and the second one (1 250 r/min, 3.4 N-m). The operation
transitions were shifted from mode III to II, and the mode II to I in the PC-DSPM motor under the current phase. The
performances during TD-based electronic PC operation using ADRC were compared with the traditional step response. The
current loop of the latter also adopted the ADRC strategy, indicating the better performance of TD electronic PC. The results
showed that during the PC processes at the first switching points, although the PC transient time were prolonged to 400 ms
when the tracking differentiator electric PC strategy was adopted, the switching of current in d-axis presented a smooth trend
from 3.6 and 3 A to 4.6 and 0.2 A, and current in g-axis also presented a smooth trend from 2.7 and 3.2 A to 1.5 and 4.7 A.
Similarly, the PC transient time were prolonged to 600 ms when the tracking differentiator electric PC strategy was adopted at
the second PC switching point, but the switching of current in d-axis presented a smooth trend from 4.2 and 1.2 A to 0.2 and
4.2 A, and current in g-axis also presented a smooth trend from 0.2 and 4 A to 4 and 0.2 A, respectively, so that the torque
ripple of PC-DSPM motor were reduced 8.5% and 11.8%, respectively, compared with those of the step PC method. Thus, the
speed of motor can be stable at 920 and 1 250 r/min. The research provided a better solution to expend speed range for field
operations and road operations of electric tractors and realize a smooth PC switching of PC permanent magnet motors.
Keywords: tractor; permanent magnet motor; electronic pole-changing; six-leg inverter; tracking differentiator
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