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Maximum Torque per Ampere Control Using Hill-Climbing Method
Based on V/f Control for Interior Permanent Magnet Synchronous Motor
Takato Toi*, Student Member, Masakazu Kato*, Member, Jun-ichi Itoh*®, Senior Member,

(20XX FF@ H @ H=Af, 20XX F@ - @ H FH=1))

This paper proposes a novel V/f control method for interior permanent magnet synchronous motors (IPMSMs) in order to achieve
maximum torque per ampere (MTPA) control without motor parameters such as d-q axis inductance and flux linkage of a permanent magnet.
V/f control does not require either information of rotor position or the motor parameters in order to construct the control system. However,
the conventional MTPA control method requires the motor parameters because the control determines the compensation voltage depending
on reactive power. On the other hand, in the proposed MTPA control method, a hill-climbing method is utilized. The proposed MTPA control
method calculates the compensation voltage depending on the output current in order to track the MTPA operation point without the motor
parameters. The validity of the proposed method is confirmed by the experimental results using a 3.7-kW IPMSM. The experimental results
indicate that the magnitude of the phase current decreased by 61% at the rated speed. Furthermore, the proposed MTPA control method is
effective regardless of the magnitude of the load torque.
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Fig. 1. Relationship between the yd-frame and the dg-frame.
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Fig. 2. Block diagram of V/f control based on the y5-frame with the
conventional MTPA control.
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Fig. 4. Block diagram of V/f control based on the y5-frame with the
proposed MTPA control.
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Table 1. Motor parameters of load PMSM.

Rated mechanical power P, 3.7 kW
Electromotive force eq 151V
Rated voltage V, 180 V
Rated current I, 14 A
Synchronous speed s 1800 r/min
Rated torque Ter 19.6 Nm
Winding resistance Ry, 0.693 Q
d-axis inductance Ly 6.2 mH
g-axis inductance Lg 15.3 mH
Inertia moment J 0.0372 kgm?
Number of pole pairs Ps 3
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Fig. 5. Relationship between the output current I, and the compensation
voltage Av,.
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Fig. 6. Flowchart of proposed MTPA control based on the hill-climbing method.
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Fig. 8. Relationship between output current 1, and compensation
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of the hill-climbing method and the U-phase current under different
operating points.
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(c) At 900 r/min (0.5 p.u.) and 1.6 Nm (0.08 p.u.).
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Reduced bv 68%

MTPA control :active T sfdiv
(d) At 900 r/min (0.5 p.u.) and 19.3 Nm (0.98 p.u.).

Fig. 10 Waveforms of the dg-axis current, the output current and the U-
phase current under different operating points.
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(d) At 900 r/min (0.5 p.u.) from 0 Nm (0 p.u.) to 19.6 Nm (1 p.u.).
Fig. 11. Relationship between the load torque and the output current
with/without MTPA control at 1800 r/min (1 p.u.) and 900 r/min (0.5 p.u.).

REFAFETHDLZ LMD,

11 {Z 1800 r/min 35 & O 900 r/min TOH K b L7 IR
il 0 A% O I8N 1o & AT RV s TLoBMRE =T,
7B, BIROE Y, EREEERE, Aff LY LY 7.8Nm (0.4
p.u)l LA, AR v N—F DEREEIL 320V & L
TW5, K11 LY, 1800 r/min DA, Fe Kk hv7 IFEFH
FE3E P 1% 0t VR B X PR E & S RERZE 3.2%, 900 r/min
DY, RRKEEINTENZENL KL TND, Lo T
DEEHWERK MV FERTIEOESE TH AR hLy

N Theoretical value

Output current 4 [p.u.]

IEE) Tronsy: @@, Vol.O®, No-@®, 000



I 52 e MTPA IR R, i)

0.08 :: : Output torque [1 p.u./div :
pu. : pq[pi] ....... 0.08 p.u
0 5..tos7pu_...9$§ iam———
1y Transient state L5 Motor speed [0.5 p.u./div A

37
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(b) From 11.1 Nm (0.57 p.u.) to 19.2 Nm (0.98 p.u.)
at 1800 r/min (1 p.u.).
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(c) From 1.5 Nm (0.08 p.u.) to 11.1 Nm (0.57 p.u.)
at 900 r/min (0.5 p.u.).
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9 Transient state <}

2 s/div
(d) From 11.4 Nm (0.58 p.u.) to 18.8 Nm (0.96 p.u.)
at 900 r/min (0.5 p.u.).
Fig. 12. Waveforms of the output torque T, the rotating speed, the output
current |, and the compensation voltage Avs when the load torque T, is
stepped at the steady speed.
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(b) d, g-axis current, output current I, and U-phase current.
Fig. 13. Waveforms when the resistance R is varied at the rated speed and
the rated torque.

CEOPTRKR M ERGIEZEZR TETNDZ ERD
75>%f>o
12 2B 0 B % O ol R by o 1R i A A R L
BRIV TLRAT y PRICEIL LEEBEo A s v s T,
T— X ERHE, WHIER ), WEEEANDEEETT,
A I3 A4 1800 r/min (1 p.u.), 900 r/min (0.5 p.u.)
Tﬁ)é ok, AR MV ORT T EITFNZEI 1.59Nm
(0.08 p.u.)2*5 11.1Nm (0.57 p.u.), 11.1Nm(0.57 p.u.)7> & 19.6
NmQLpu)fHEDMEE LTWD, 7233, TERS L RE XA ]
A U R—=F OEREEIL 320V & LTWD, BIEOmEY,
1 a:ﬁr@ﬁ@]% T IERR OB & 0.1 pu.Z i L ek
WZIRET D, £ T, BV 7VEEEL, HIER .
PN 02pu FAL LT BRIC iR bV 7 RGN B S 5 &
RET D, 728, WBVIEICI Y EK MV BRI E
%M’Eﬁ%#r‘é A%, HVER XA MV Y TLOEH)
T <, MEETEAN L > TOREBSERTERD
t,cb\r:&b, B bV TLOEBIZ L > THEL HHNENR la
JEPEIR A3dR R bV o FERR I & BB D N & T
12 X0, AT RAT TURRT » PIRICHIIN E 72 1308
’)‘rﬁ, HIDER la A EFIRREICEBFENTHORK ML
ERHIEHBFH SN TWA Z b s,
Bl A3 I E B DL EMEZ TN T 2720, RET D&
R RV FEFHIAEE AR A OB 2 2B b S8 & &
ORI ERT, 728, ERITVEARBEN KO ARALE L RDE

IEE) Tronsy: @@, Vol.O®, No-@®, 000



I 52 e MTPA IR R, i)

HEREEDNDTERS RV 7 DRMETIT - T D, IREEIC X
LESUEDOEAL BB L, BAHOEGUEL / I FED 1.7
feld o~ %y harv s 2L KK Z
AT, M3 LY, IEFUENEN LB OMHT L L
<, BELTRK M7 ERAZHERFTETNDZ N
YOVIEVS

PLEOFER LY, B0 EEZ AW oK by o FE T
EHT D VIEREOF ML FEBIC L0 R LT,

5. F&H

KELTIE, B HBICES BN by BRI 2 R
Wz VIFRIEINC O W TIRE LT, BRFIETIE, T—F 13T
A—HERANDEZ LR l\/l/7/”;'§{uuﬂ%ﬂﬁﬁl]é'i$55?’§“é z
EBAIRETH D, FICERERICLY, HERFIELEREFIE
DK MV BRI & s L7, 9%%1"*%4: D, TEREH
ERIOAR FLZ A 0.08 pu.dBE, KK Mo IEFH
AR, AR L LR L CH D EDE la i3 RR 61%8 3
LT AR LT, £, SRITERKR by o IR A
A&l LT, 85%iHA 35 Z L xR LIz, I 61T, 1BE
T DK MV [EGRHIBNIERFIE & Rk, A hLs T
DRESIZEIGTERTEDLZ L EMRA LI, 72, Afir b
W7ﬁXTy7%:%MLK%CEUWkFN7FW%WH

BERREIRR L, BT A L EMmER L,

AHEEIE VIF FIEE2S FIE A S5 Hh © m i pE i

TiE, ARMEFICLOTHARTH D, £, VIFHIEEIC

B DREACHIE D7 A > Ke OWTEFENAME ST
RN, BRTDHEK MY BRI OSEMICE LT
DI SHOBELE T 5,

X [

(1) S. Kim, Y. Yoon, S. Sul, K. Ide, “Maximum Torque per Ampere (MTPA)
Control of an IPM Machine Based on Signal Injection Considering
Inductance Saturation”, IEEE Transaction on Power Electronics, Vol. 28,
No. 1, pp. 488-497, (2013)

(2) R. Tanabe, K. Akatsu, “Advanced Torque and Current Control Techniques
for PMSMs with a Real-time Simulator Installed Behavior Motor Model”,
IEEJ Journal of Industry Applications, Vol. 5, No. 2, pp. 167-173, (2016)

(3) T. Zanma, M. Morimoto, K. Yubai: “Suppression of harmonic Current for

IPMSM using Generalized Repeatitive Control”, IEEJ Journal of Industry
Applications, Vol. 3, No. 3, pp. 214-220, (2014)

(4) J. Itoh, N. Nomura, H. Ohsawa, “A comparison between V/f control and
position-sensorless vector control for the permanent magnet synchronous
motor”, Proc. of the Power Conversion Conference PCC Osaka 2002, \ol.
3, pp. 1310-1315, (2002)

(5) M. J. Corley, R. D. Lorenz, “Rotor position and velocity estimation for a
salient-pole permanent magnet synchronous machine at standstill and high
speeds”, IEEE Transaction on Industry Applications, Vol. 34, No. 4, pp.
784-789, (1998)

(6) PBABUR— - EREZ  T=7 2 FHIEKE RS A v N — - a T L
v — 2 OEPERERE)), 2L v =—, Wl 57, No.10, pp. 42-45,
(2002)

(7) M. Hasegawa, S. Yoshioka, K. Matsui, “Position Sensorless Control of
Interior Permanent Magnet Synchronous Motors Using Unknown Input
Observer for High-Speed Drives”, IEEE Transaction on Industry
Applications, Vol. 45, No. 3, pp. 938-946, (2009)

(8) K. Tobari, Y. Iwaji, “Quick-Response Technique for Simplified Position
Sensorless Vector Control in Permanent Magnet Synchronous Motors”,
IEEJ Journal of Industry Applications, Vol. 4, No. 5, pp. 582-588, (2015)

©)

(10)

(1)

(12)

13)

(14)

(15)

(16)

an

(18)

(19)

(20)

S. Sul, S. Kim, “Sensorless control of IPMSM: Past, Present, and Future”,
IEEJ Journal of Industry Applications, Vol. 1, No. 1, pp. 15-23, (2012)

S. Morimoto, M. Sanada, Y. Takeda, “Mechanical Sensorless Drives of
IPMSM With Online Parameter Identification”, IEEE Transaction on
Industry Applications, Vol. 42, No.5, (2006)

T. Fukumoto, S. Togashi, Y. Hayashi “Performance Improvement of
IPMSM Position Sensorless Vector Control System by the Online
Identification of Stator Resistance and Permanent Magnet Flux”, T. IEEJ,
Vol. 129-D, No. 7, pp. 698-704 (2009)

AL - EEEEA - M —  TEE BT & KA AR D A
UIA VRBFRIEICE D IPMSM AL L 2R ML
PERETL), %5 D, Vol. 129, No. 7, pp. 698-704 (2009)

T. M. Jahns, G. B. Kliman, “Interior Permanent-Magnet Synchronous
Motors for Adjustable-Speed Drives”, IEEE Transaction on Industry
Applications, Vol. 1A-22, No. 4, pp. 738-747, (1986)

S. Kim, Y. Yoon, S. Sul, K. Ide, “Maximum Torque per Ampere (MTPA)
Control of an IPM Machine Based on Signal Injection Considering
Inductance Saturation”, IEEE Transaction on Power Electronics, Vol. 28,
No. 1, pp. 488-497, (2013)

P. D. Chandana Perera, F. Blaabjerg, J, K, Pederson, P. Thagersen, “A
Sensorless, Stable VV/f Control Method for Permanent-Magnet Synchronous
Motor Drives”, IEEE Transaction on Industry Applications, Vol. 39, No. 3,
pp. 783-791, (2003)

M. Kiuchi, T. Ohnishi, “Sesnsorless Sinusoidal Drives for Fan and Pump
Motors by V/f Control”, IEEJ Transactions on Industry Applications, Vol.
130, No. 1, pp. 93-101 (2010)

KRGS « RPERZE : IVERIC X 5 77 v - Ry FE—H DBV
B L A IESLBEERE ), #E5E D, Vol. 130, No. 1, pp. 93-101 (2010)

J. Itoh, J. Toyosaki, H. Ohsawa, “High performance V/f control method for
PM Motor”, Trans. IEE of Japan, Vol. 122-D, No. 3, pp. 253-258 (2002)
PHGE— « BHRFRER « KR - DKAREA MBI O VIF IO &
hefk), 55 D, Vol. 122-D, No. 3, pp. 253-258 (2002)

J. Itoh, Y. Nakajima, G. T. Chiang, “Maximum Torque per Ampere and
Maximum Efficiency Control Methods based on V/f control for IPM
Synchronous Motor”, IEEJ Journal of Industry Applications, pp. 112-120,
(2014)

Z. Tang, X. Li, S. Dusmez, B. Akin, “A New V/f-Based Sensorless MTPA
Control for IPMSM Drives”, IEEE Transaction on Power Electronics, Vol.
31, No. 6, pp. 4400-4415, (2016)

K, RIHMETT, BASRE, AmSER AR FREE—2 0
AR, A — otk (2001)

Y. Honda, H. Murakami, K. Narazaki, T. Higaki, S. Morimoto, Y. Takeda
“Optimum design of a multi layer interior permanent magnet synchronous
motor using reluctance torque”, T. IEEJ, Vol. 117-D, No. 7, pp. 898-904
(1997)

AR < A ik - AIRTFNAK - AE R AR - A - S TV
FIRUARNT OFHRIAE DS LU AR AREE PM T—
4], 5w D, Wol. 117, No. 7, pp. 898-904 (1997)

(%EH) 199346 A 26 A/, 2016 4 3 A,
RN PR, FF4 A, RRFRT?
Bt TR RHE LR ERE IR TP i
(SR, BUEICE D, EICKARA R BB
I B3 B TR e S,

(IEH) 198947 A 4 B4, 201243 H, &
R BB F R A3, 2014 4F 3 H, FAIRFERF
BE LA e RHE LRRIE T, AR 4 A, [RIR:
R = L — -« BREE TR,
2017 4 3 H, REEMFFRZPRTFEE L%
WRRRE T, M(T%), R4 H, Kide—

IEE) Tronsy: @@, Vol.O®, No-@®, 000



I 52 e MTPA IR R, i)

B —F a7 A MRS HERSL, B BB 5 B
FITHER,

R F — (E#&8) 197241 A 6 B4, 1996 4 3
H, REBAEFITFRFBE L FERME L3
BET, FF4H, SLEE ) Ak, 2004
4 H, RIEBINE SR EESRIEREZ, 2017
4R, RRFERIRER, BECES, R

8 BRI, B ORI E T, it
A \ “1 (L) (EMEHEERY) ., 2007 445 63 ]
BRPITRBLEEA B, 2010 4 Takahashi
Isao Award (IPEC Sapporo), 25 58 [EIEEXEMFHEAITEERIE, 2012 41
UTF U VY ha RwAGERE, 2014 4, 2016 FERFREEG
FHEBFIRRSCE, 2017 A SCEVRF P RELRE « BHEBANE (PHFEM),
¥, |EEE Senior member, HEJEHHIREE,

10

IEE) Tronsy: @@, Vol.O®, No-@®, 000



