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Improvement of the Electric Energy Consumption of
Permanent Magnet Synchronous Motor Drive System Using Three-level Inverter
Daisuke Sato*, Student Member, Jun-ichi Itoh*®, Member
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This paper discusses the electric energy consumption of a permanent magnet synchronous motor (PMSM) drive
system applied to a two-level inverter or a three-level inverter. The calculation method of energy consumption based
on an efficiency map is proposed. First, the energy consumption of the motor drive system is measured. When the
three-level inverter is applied, the energy consumption decreases by 3.67% compared with the two-level inverter.
Next, it is confirmed that the error ratio between the calculation result and the measurement result is 4.40%. In
addition, the energy consumption of the PMSM drive system for hybrid electric vehicles is calculated by the
proposed method. Thus, it is clarified that when the three-level inverter is employed, the energy consumption
decrease ratio compared with the two-level inverter in the low-speed and low-torque region is higher than that in the

other region.
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(c)  3-level neutral-point-clamped inverter (T-type).
Fig. 1. Circuit diagrams of each inverter.
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Fig. 2 Flowchart of energy consamption calculation using

efficiency map.
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Fig. 3 Speed patten based on JC08 mode.
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Fig. 4 Configuration of PMSM drive system for energy

consumption measurement.
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Table 1. Parameter of IPMSM.
Maximum power 3kw
Maximum torque 4 Nm
Base speed 7200 r/min
Maximum speed 12000 r/min
Rated current 16.9 Arms
Armature pairs of poles 6
d-axis inductance 0.389 mH
g-axis inductance 0.556 mH
Winding resistance 0.0635 ©
Back-EMF coefficient 0.0182 Vs/rad
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(b)  3-level inverter.
Fig.5 Waveform of line voltage and current.
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Fig. 6 Energy consumption of the PMSM drive system by

each inverter topology.
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Fig. 7 Efficiency map of PMSM drive system.
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Table 2 Calculation result of energy consumption of the

PMSM drive system by each inverter topology.

Inverter topology Calc. Meas. Error ratio
2-level 68.4 Wh 70.8 Wh 3.39%
3-level 65.2 Wh 68.2 Wh 4.40%
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Fig. 8 Efficiency map of PMSM drive system

with each inverter topology for HEV.
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Table 3 Setting value of speed and torque patterns.

(a)  Constant torque variable speed mode. K I-'ﬁk

Speed [r/min] Torque [Nm] (1) H. Tokoi, S. Kawamata, and Y. Enomoto: “Study of High-Efficiency
Motors Using Soft Magnetic Cores”, IEEJ Trans. IA, Vol.132, No.5,
pp.574-580 (2012) (in Japanese)

Low speed and high torque region 1000 ~ 2500 160 RIFHERE, JXE—, BEARMIE « ERBL 2@ Ui/ - EehR
E—% OMRtl, &% D, Wol.132, No.5, pp.574-580 (2012)

Low speed and low torque region 1000 ~ 2500 20

High speed and low torque region 10500 ~ 12000 20
(2) K. Sakai, N. Takahashi, E. Shimomura, M. Arata, Y. Nakazawa, and T.
(b) _Constant speed variable torque mode. Tajima, “Development of Permanent Magnet Reluctance Motor Suitable
Speed [r/min] Torque [Nm] for Variable-Speed Drive for Electric Vehicle”, IEEJ Trans. 1A, Vol.123,
. No.6, pp.681-688 (2003) (inJ
Low speed and low torque region 2000 10~30 05, pp ( ) (in Japanese)

l‘?%ﬂl}\, EERAIRE, AT, BTECE, RS, MR TR

Low speed and high torque region 2000 140~180 CENT-EBLREBEAKAMARY 572 2AE—Z D
%éj, ﬁi?aﬁ D, Vol.123, No.6, pp.681-688 (2003).

(3) H. Nakai, H. Ohtani, E. Satoh, and Y. Inaguma, “Development and Testing
of the Torque Control for the Permanent-Magnet Synchronous Motor”,
IEEE Transaction on Industrial Electronics, Vol. 52, No. 3, pp.800-806

-0.7% (2005)

(-9.5 Wh) (4) K. Yasui, Y. Nakazawa, and M. Mochizuki, “A Field Weakening Control

1270 Wh for PMSM of Hybrid Electric Vehicle”, JIASC2010, 1-04-3 (2010) (in
Japanese)

IR, RS, LAGH: (N4 7Y v FEBHA PM £—%
DFY O REH I, T—bk 22 FEIFREEIEHTM AL, 1-04-3
(2010)

(5) Y. Kashihara and J. Itoh, “Performance Comparison of the Efficiency and
Power Density among Multilevel Converter Topologies for a PV Inverter
by the Pareto-Front Curve”, IEEJ Trans. IA, Vol.134, No.2, pp. 209-219
(2013) (in Japanese)

2-level  3-level  2-level  3-level  2-level  3-level BIEAE, HE— XL —h7ay b I—7%H\iz PV <L

Low speed and Low speed and High speed and FLAUL hRE V= ORE T — B EOMEREE ), EEH D,
low torque high torque low torque Vol.134, No.2, pp. 209-219 (2013)
(6) D. Sato and J. Itoh, “Total Loss Comparison of Inverter Circuit Topologies

High speed and low torque region 11000 10~30

-0.3% (-5.3 Wh)
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1.7% T
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(@) Constant torque variable speed mode. with Interior Permanent Magnet Synchronous Motor Drive System”,

-0.2% (-4.1 Wh) 0.8% ECCE Asia 2013, pp.537-543 (2013)
2084 Wh 1742 Wh 1737 Wh 1307 Wh(-lO 3Wh) (7) K. Yamazaki and Y. Isoda, “Iron Loss and Magnet Eddy Current Loss
-1.8% 12.96 Wh Analysis of IPM Motors with Concentrated Windings”, IEEJ Trans. 1A,

(-3.7Wh) \ol. 128, No. 5, pp.678-684 (2008) (in Japanese)

204.7 Wh IR EL, BEMEA - [EE IPM B — 2 O L OB i BT R
fifHT 1, E55m D, Vol. 128, No. 5, pp.678-684 (2008)

(8) Q. K. Nguyen, M. Petrich, and J. Roth-Stielow, “Implementation of the
MTPA and MTPV control with online parameter identification for a high
speed IPMSM used as traction drive”, The 2014 International Power
Electronics Conference, 19P4-2, pp.318-323 (2014)

(9) M. Azuma, M. Hazeyama, M. Morita, Y. Kuroda, A. Daikoku, and M.
Inoue, “Optimal Field Excitation Control of a Claw Pole Motor for Hybrid

2-level 3-level 2-level 3-level 2-level 3-level Electric Vehicle” The 2014 International Power Electronics Conference,

Low speed and LO\{v speed and High speed and 2013-4, pp.1892-1897 (2014)
low torae high torgue oW torque (10) BEEER, N, MIERA, <RGOS, DRE
FMESHBIE T, AL (2010)

(11) K. Kiyota and A. Chiba, “Design and Analysis of a 60kW Switched

Reluctance Motor for Hybrid Electric Vehicles”, JIASC2011, 3-87 (2011)
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(12) T. A. Burress, S. L. Campbell, C. L. Coomer, C. W. Ayers, A. A.
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app. Table 1  Parameters of vehicle and IPMSM on Ref. (10).

Vehicle weight M 1000 kg
CoA 0.60 m?
Coefficient of rolling friction u 0.010
Gradient 0.0506 rad.
Maximum driving force Fpax 4000 N
Maximum vehicle speed Vimax 37.8 m/s
Maximum torque Tmax 120 Nm
Maximum motor speed Npax 12000 r/min
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Ko full —508 ........................................................... (fﬂ‘ 2)
O T 333 s (H‘ 3)
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