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An Efficiency-Optimizing Method for Direct Torque Controlled Interior
Permanent Magnet Synchronous Motor Drives *

TONG Xinyu, ZHANG Xinghua
(School of Electrical Engineering and Control Science, Nanjing Tech University, Nanjing 211816, China)

Abstract: An efficiency-optimizing control method for direct torque controlled interior permanent magnet
synchronous motor (IPMSM ) was proposed. Based on the model of IPMSM taking into account iron losses, the
dependences of power losses on the output torque, speed and stator flux were analyzed in detail. According to the
characteristics of the classical direct torque control which did not use the zero voltage space vectors, the expression of
the power losses could be simplified. The stator flux linkages which achieved the maximum efficiency were obtained in
the different operating conditions. The simulation results showed that the proposed control method not only preserved
the fast torque dynamic response of the direct torque controlled driving system, but also improved the efficiency of the
motor in steady state operation.

Key words: interior permanent magnet synchronous motor (IPMSM) ; direct torque control; power

loss model; efficiency optimization

PR B T 0 R MLAREA T A i ob , SR HIAL

0 3 =& AT BB A AL — S A B2
P B 2 K % 7] 45 18, HL ( Interior Permanent 37 7% 181 95 1) ( Field-Oriented Control, FOC)

Magnet Synchronous Motor, IPMSM ) E. A5 3 R 5 | TR W2 B BE 1Y) Ak % [R) A6 3 ML ( Permanent Magnet
SR G R TR Synchronous Motor, PMSM ) B 51 2 52 it 3% 5 1 1
WL G S AR IRBRZh R GE . AT/ D LI AE AT R RIS PMSM, dy 38 B il LU SRR 45, — ik
PR —HERT T, HiREmALE R i, =0 B 0 IPMSM, iy 3~ H M Al &%

 JEATH . FF ARRIEIE A H (51477073) ;113548 A AR 5411 H (BK20161549)
YEHE TR B (1990—) , B WA 58 A=, B9 7 1) gl LBR Shds il AR o
Tk 2%AE(1963—) , B 1, #dsz iy 1a R L HILOK sl il R A2 2 2R G il o



PSR HEA | EMCA

& HUH I L 2018 45 (11)

I, R T S A R R, 38 R ] e R
i bt ( Maximum Torque Per Ampere, MTPA ) #5 4i ,
R AT DT R BRI ARG B B g B a4 o
B (HZE T BE AR AR AL

H iy, PMSM #9883 A Ak 45 1) Oy 12 32 24 w] LA
R4 R WIZE R (1) FETF BB R A #2505 (2) B
AR R /N, X 267 2 32 2 W [a] PMSM
AT Y 7 ) 42 ) R 46, D0 Ak 4 ) 722 3l 5
FL U B TR o AT PMSM R4 S 45 ol
G, LI - WE4E A DA 12 61 22 i i R AR A
o MRS A

ASCHFSE X4y IPMSM , 3 SR 57 H 14 12 4%
TR 5K 3h £ 8 B9 AR LA T k. ) H S Y
TPMSM i FE 5% FE A2 1) AN SR FH 25 Fig s % 1 )R
I BRI AT, 0 F AL AR AR R AT
AR B F AL O Ak ) A A Jli X — 4> i B H
b B PLAL IR, 20T EAR B E T REEES %
{H AT R HLE AR A s A7 I R A5 B R I %%, JT g
% 3053 b 1) FH 1% BEL 2% AR A DR i) e 3 8 285
N P EEE RIS UE V%07 A R

1 b B4R i AL oy IPMSM A% A

L 7R g A 5% 5 [R) 28 e e A b 2 (d-q A
PRER) 7 RO AR AR Y TPMSM #5530, A

',

I wh
=t

jdh\
i L,

(@) a5 0 B

;M
= 1(

R wh,
. +

('
T =
r-\.» . {..,un I
" *.,\l R
"

(b) g ,- PN

+o

ol

Bl 1 TPMSM (72550 i e AsE g

IRYEIE T A LR R Al 15 R T
{uds = Rsids * p)\ds - w/\qs
U([h = Rsiqn + p)\qs + w/\ds
HL T AR

(D)

N | w

{L‘ds = l'dm + %do (2)
bys = lgm T e
(1 Lipis, — oL,
= I .
% _ Lqpiqm +w( Lyl +Ap) (
R,
WGEETT R
{)\(15 _Ld?lm + A (4)
A =L,
e g u,——E FHIER d.q Hhior i
Lyl E TR d g B> 55
p— R T
Ao A —E THERER) d g B35 5
o, — TR
o— A, 0 =po, ;
p— XA
Lo L —d \q B OIAERLIAL 5
& THTLHY d WG T 0,, =0, -
Lic s
TR g BEE S SR i, =i,
Lye o
HALIE ST
Jrw, =T, - T, - Bo, (5)
Hoh RERAE T,

3 . -
Te :?p[/\flqm + (Ld - Lq)lqmldm] (6)

2 mERMEH T E
2.1 BSHEESW

T AL FE AL SR AU FE AN A AR, L
R AE T2 by JRUBH 483 466 T EE S A0 FE A B, 5 L AL
Y AT O, — AR AT, SR T FELHFE AT 45,
SEFHIFEMBLOIFE T . X T PMSM Rt
HAAE SR T4 T A FE , R0 B FE 35 28 G i
PAFEFN IR T PAFER . o AR

3.2 .
PCu = 7RS(L§S + L;) =
2
. 2 . 2
(i, - i)y [y, ot TAOTY
RC ! RC
3
2

2 2
R; [(/\ds - )\f _ w)‘([b) + (/\qe n w)\ds) ]
1\, R L R

(7)



B HLHDEH) %9 2018 45 (11)

Pl SR HEA | EMCA

BOLIRFE Pyl

3
Pr = SRl +ir) =

3, [(Ag + Lyig,)? + (Lqiqm>2:| _

2¢ R,
3, An t A,
S 7& (8)
LB 47 A G B L SRR
P.=P + Py (9)
AT AR FE IS H AL A R ] B Al
P
M % 100% (10)

n:POut +PLnss
s Po,—— LA AL R, Py, =0, T,
HUHLIZ AT I8 B AR E RS I, F ML A 5 3 5
HEEHEAE, WA

3 A¢ 1 1
T.==pA, |+ -— =
‘ 2P " [Ld (L Ld) /\ds]

T, + Bw, =T, (11)
K T —— AL AR RIS At 5%

EEMQIDLIECE

T,
A, =
"3 A (11
ol (- 2) ]
X 2)ARA(T) ~0(9) b, AT ALz
TR BIRAAS T, ML BRAE N T RERE d %l o
/\dsﬁgglﬁo
B2 it A LR S B AT (R FE 3 n, =
1 000 v/min, T, =2 N-m) , LI AE S & TRESE d
AR R

120,
- !,l u
100; ~ Py /
""" P
80}
i --H-H'"-.

7008 0.09 0.10 0.11 0.12 0.13
1/Wh

B2 BRFE HFES DRFERERE TREBE d S0 2R R &

(12)

LW
g
|
\

2.2 HEMUFE

Hy 7> IPMSM %) il #E 55 2 0 Uik iR A8~ 7
BUE LG, SR A MTPA 4546, Al ffi— 7 TR 40 T 1)
FE F HL U IR (AR /)N , DB N E 5 T 2R AR AL B

RESETF-J7 B LY, P SR FH 55 4 il 38 2o 42 ol o
P AR 940 Dl 0 O/ N /< B G WL, i/ 4
Feo FMLIRCR I s i R — 8 T 17 451
T A F AL AT 4R AR (R FE S5 ERFE 2R ) BN
WHHLATRSZEITRE, hE 1 gk
PAFEFLIR 1,00 0, 350 A
us — Ry,

e = (13)

izt = Rt (14)
7 R, + R,
FETFH g o1 1, i R
. ug + Ry,
“T TR TR
u, + R,
i, = ﬁ (16)
B (13) ~(16) A (9) B 5 v 15

PLEARFE N

(15)

2

3 U
Pl,ns< =5 +
* 2 R, +R,

3 RR, [(As—A)° (A7
2 R.+R, L, L

Xt SR FH R P AR 5 A Y IPMSML 45
Frapeil 240, h TARME KRR AL — 208
kit 6 AN AEZH R AR T A — A, AR AR L,
EIEAE AR R, 24958 20,73 (U, HH R
Pt A (17) A5 AL

2
Udc
+
R +R,
2

R.R, Y \
i (G /\rls )\I + & (18)
2R +R|\ 1, L

q

o T2 (18) ik 28 — Tk 8, il P, MR
AN, R =X (18) iy 55 — 3k /), BV H AR eR
R YUY

() )
L, L,
HpreR gt an &l 3 fios .
RS TSI AT (el fn 1 35
Fi—, T N AE) e T s 1 X (12) £
AR C18) , M SFE T E 1 Py =/ (s, T) o
MEHLA TRAZBITHE, AR ILIFE P A%/,

Da?/fédPLnss_ d.] _O }J\ﬁzﬁﬁ
SN d)\ds d)\ds 5 :

, 2
Loss 3

(19)




PSR HEA | EMCA

& HUH I L 2018 45 (11)

3 (20) B B)5 5 AY .
Moo+ ksAy + hoAd + kA, + k=0 (21)
Hrf by =A(4p° -9 +6p - 1)/ (1 -p)°;
ky =Ai(9" = 6p" = 3p)/ (1 -p)*;
k=2 (4p° = 3p°)/ (1 =p)7;

L,

4T§S 43 3
ky = - 9 (L(I—Lq)+)\fp /(l—p) 5

2
14

L<1
P,

X2 1 Fos i H AL, TR TS
ky=-0.710 6,k,=0.186 2,k =—-0.021 2, k, =
-1.179 8x 10°° 7% + 0. 000 879, # Wt T, =
0~5 Nem, X3 TH—DAFERY ko, KAFA(21)
AT AH I ) SR A FRERE Y d Bl Ao

%1 IPMSM £#

SRR ZHE SRR ZHH
HWEIHE Py/kW 1.3 WXt 44 p 4
i Uy/V 220 ETHER/Q 1.34
R Iy/A 5 d LR L,/ mH 7.76
WUERHE T,/ (N-m) 5 q AR L /mH 17
BUER n/(romin™h) 2 500 T RERESE A/ Wh 0.109
AR HBE R,/ Q 99 || J,/ (kg-m®)  0.008

Kl 4 AR PR ASFE A T 0 I 09 S5 5
TG d By it Ao SR 2T AU A T7 1k B il
AL =AT) ZIA

Az =0.000 172 - 0.001 77, + 0.111 0(22)

B A AN (12) WA T REHE Y ¢ %l

L L2 g e e e el
2[] 051.01520253035404550
T J(N-m)

Kl 4 Eflre FrEsE d o SRS
S3HR N, T 45— (36 1T T804 F (bl
BRI E T REREIR () A" =N 540
3 BERRWEERAELZH AR

i AT, WIARRCR ALY IPMSM E 4%
PR R L SRR QnT&] S Frs o

f';.s_
w! .-b {-i T_”_F
—Q II' 0 rT+ % | s s

opt

og il

|
[ ek |41 % [-L JK}
gk 5T B

2 ' il 5 ;
9‘ RIS r""'
i : i

gk | 55 e

i R [ 3

filiit 1 i

v A

i,
I,

o [a] % § xw IPMSM
|d: 9 2%

K5 IPMSM HRCR B AL EH R A 72 ) R 4E

B S rr i e G e SRR, Al AT R4S 2
H LR ORI A E T REBE S e fE 4, i 1k
A& (a=B) FINE THI R &, 200 12 B A
(0 = AR 4, #1428 3/2 A4 5 vl 4495 Rl B, i
IRABAR T B 5E 1AL e R o e AT LAy A S
P B R RS U,y ISR SR OIRZS (s, 55,
s) A BIPARE u, M w,, BREE 3/2 405
AR 52 AP ECAER 20 ) FH R IR e R MR
HER AT BRI 2E AT, =T, T, FIRGHER 2
AN =AM -AL O PR AR B G F G Cr=1
FORFH/NT B, I 5 2R R, F5 5
VPRI R R R &, € =0 SRR B
RTSFHHE, MO W EE sl N R, 5 S i
FI/ N R R PR C, [RIEAR, i
A L4505 50, 445 6 5 T RERE T E R B X 0 (i)
AR EER T B R . R 2 PR N A
TG Z | K6 finy 6 1~k
T (107 18] L SR A5 R 1 R B P ALk 2 i) DX



B AL HP2$) 29 2018 ,45 (11)

Pl SR HEA | EMCA

w2 FEBER
N 6.(1) 6.(2) 6.(3) 6.(4) 6.(5) 6.(6)
- =1 U, U, U, U, U U,
» c,=0 U, U U U, U U,
o c,=1 U U U U U U,
» c,=0 U, U U U U, U,

D “sector | U,(100)
'"“nnwﬂjlj @

04 |

U001) U101

K16 zsfm) B R it

ARG E T HEBER(E A, MBEEESM 0, ot
(23) By e He RIS 3, SR 22 R AR o B B R
L PIAH AR AR 2 AR o o

s = j(uas -Ri, )dt = fuasdt

L] :
@3 = J( ug — Riig )dt = fuﬂsdt
L s (23)

_ ()‘B)
(] = arctan|
- /\as
H G AT E i X (24) 318

7 =

pA, s .
[ZAqusm5 - /\S(Lq - L,;)sin28]

2L,L,

(24)
;H\:EP :S:és_ero

4 RER

SFUEAS SCHR Y TPMSM B 35276 4 5 1) &
GERCRLA T ¥ B9 A 0, #E MATLAB/ Simulink
HES. T RGBT, {5 B R H Y IPMSM
ZHUNFR 1 iR,

DI R B S8R e PT35S 4K
K,=0.2,K, =10, 55 th R T, =+5 N-m; §%
SN LU AR (A S AT, = 0.1 N« m, f 4% s
PP AR B0 58 Ad, =0.01 Wh i FLI SR A JH]
AN T.=100 s, 5o 42 i F 1 H 10T,

BEM M n, =1 500 v/min, BHLH 13 T, =
I Nem23),0=0.7 s (BN T, =4 N-m,
B 7 s R BAT B I RCR it IPMSM. B B2 7%
JELA T ) A - LU L A TR S A R g N 2
ML T BT R Sl s A e sl A e R AR PR, LA ik
BTN R i, =0 Y B
(iq’; _ 2L A=A =Lqi;) ) 2 2 5 B 3k g i
3pA;

PEREJLTPAR A (PR TR IR A SCA 0 T i, = 0 A E
TR PRI AR ) .

OI 0" U? 04 05 06 0? 08 U‘) IO

1 500 - -
1 000}
500F
[}

n/(r-min™")

b 01 02 03 04 05 06 07 08 09 1.0
1's

6

4|-h,_ Aty v

: [ ———

0 01 02 03 04 05 06 07 08 09 10
1is

T/(N-m)

BT ORI AR P i ) LA R

B8 JIr 7 ok WG AN [R) S F B B 45 o O ik
(i, =0 FIRCR ML B ) P A5 21 (9 s bl
BATRCRINEE . DR 8 1] UL, %R f i B G 40
Pl Z i, =0 BRI H, 76 20% B8 E
(T, =1 N-m) B 7 55T, B0 S T 20 2% ;
£ 80% #iE 1 (T, =4 N-m) B47 5% M, 0%
PR T 1.5% P BLEE SR I0E T 808 Rl 7 ik
AR

e — R iR
0.6 i, =041
05

0 02 04 06 08 10

K8 RIS i, =0 5 HI YRR HLAR

5 %

“a

FEH T — Tl TPMSM ) 15 A% S bRk w7 478 1]



PSR HEA | EMCA

& HUH I L 2018 45 (11)

5o TN B A S R A T A A
ShA  TEDRHE L T 0 4 o EL A %) sl 2 i g B A
E PRGOS R, W] DUA 060 LR S
BT DPRIAFE, $2 = AL B T0R . ik
AN TR PERER) PMSM 3K 20 & 46, Jt HodE T
A BRBEIRAL L i N 76, B = A AILIK 3 R 48 11

LA TERE.
(& % x ]

[ 1] JEONG Y S, SUL S K, HITI S, et al. Online
minimum-copper-loss control of an interior permanent
magnet  synchronous  machine for  automotive
applications [ J ]. IEEE Transactions on Industry
Applications,2009,24(4) . 1071-1082.

[ 2] MADEMLIS C, KIOSKERIDIS I, MARGARIS N.
Optimal efficiency control strategy for interior
permanent-magnet synchronous motor drives LJ].
IEEE Transactions on Energy Conversion, 2004, 19
(4). 715-723.

[ 3] AZVEDO F, UDDIR M N. Recent advances in loss
minimization algorithms for TPMSM drives [ C ] //
[EEE Industry Applications Society Annual Meeting,

[4]

(5]

[6]

(7]

Vancouver,2014; 1-9.
MORIMOTO S, TONG Y, TAKEDA Y, et al. Loss
minimization  control ~ of  permanent  magnet
synchronous motor drives [ J]. IEEE Transaction on
Industrial Electronics,1994,41(5) . 511-517.
LEE J, NAM K H, CHOI S H, et al. Loss-
minimizing control of PMSM with the use of
polynomial approximations [ J|. IEEE Transaction on
Power Electronics,2009,24(4) . 1071-1082.
CAVALLARO C, TOMMASO A O D, MICELI R, et
al. Efficiency enhancement of permanent magnet
synchronous motor drives by online loss minimization
approaches [ J ]. IEEE Transaction on Industrial
Electronics,2005,52(4) : 1153-1159.
CAO M F. Online loss minimization control of IPMSM
for electric scooters [ C ] // International Power
Electronics Conference (IPEC) ,2010. 1388-1392.
ZADEH S V, KHAYAMY M. Efficiency-optimizing
direct torque control of permanent magnet
synchronous machines with fastest start up[ C] //4th
IET Conference on Power Electronics, Machines and
Drives (PEMD) ,2008 . 218-224.

Wik B . 2018-05-31

0 < <

(3% 14 7)

[11] 4540, B R, W 28, 4. JC R TF 3¢ i BH FL HLOF 35
BIEpsmams[J] s # 4, 2009,30(3) : 505-
511.

[12]  0p5E. JoH A TF X RE R LAY SE R 58 [ D ] .5 5 .
B LS i R K2 ,2003.

[13] TESE, Fa/NGl, 70 5 3, 45 B 28 20 Wl 2 77 T S/l
REE AL A2 5 il [T ] L S i 4,
2012,16(11) ; 22-28.

[14] it Johl & CmE R A AL s R s il g [ ] p
[ B ML T R4, 2014 ,34(33) ;. 5910-5917.

[15] kil X085, At Joih R IT 56 8 BE fa AILFS T I
R ORMERE R[] E B AL TR 24, 2011, 31

0

[16]

[17]

[18]

< < 0

(21) : 128-134.
T, T WG VE T O RERE FHLAR BV R
SRR LT ). L5 #6274, 2009, 13 (3) :
356-360.
T, B, RO TR T OCHE B B LB TR T
R gk Ak PID #2480 [T]. H E s ML TR 22 4R,
2009,29(15) : 114-118.
PhEIh R, B LT, AR R TR T R BH AL AL
FOCHEH AR R SR LR [T]. g T H AR 2241, 2015, 30
(22): 1-8.

ke H 4. 2018-05-31



