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( Feedback based flux weakening control )

[ : Six-step is not considered : Not using current controller [20%*]] : Journal paper published in20** (year) FW: Flux weakening
[20**C] : Conference paper published in 20** (year) LUT: Look-up table

: Six-step is considered : Change in the structure of current controller [20**D] : Dissertation paper published in20** (year) DTC: Direct torque control
MTPV: Maximum torque per voltage
: Not change in the structure of current controller QP: Quadratic programming

(Torque control unavailable )- ( Torque control available )-

!
T
|
= De:adbeat DT(_: fqr IPMSM with Yoltage & 2 Feedback & LUT (B. Bae, N. Patel, S. | Sl Ne"f“’“'R"’.phs."_“. optimization | magnetic =l Variable time step control for six-step for
= current constraints (C. -H. Choi, J. -K. S Schulz. S. -K. Sul) 112 (= cross-coupling is ignored (Y. Jeong, S. -K. = SPMSM (J. Park, S. Jung, J. -1. Ha) [26]
= Seole R. D. Lorenz) [17,18] =) kel o) = Sul. 8. Hiti.K. M. Rahman) [22] s - Park, 8. Jung, J. -1
v ¥ | : v : ¥
E mz:?;i;gzg:ztx;; l:;;ii‘:ﬂ:?lm g Feedback & LUT + Quasi-six-step (T. | § %;ii;cizl:::;cif;p(lglg\;gnzt ;0]22:::@1\2 ! | % Variable time step control for six-step for
i _ S . L , M. i
& (1. -K. Seok. S. Kim) [19] & Kwon, K. Choi, M. Kwak, S. -K. Sul) [21] | I Degano, A. Galassini, C. Gerada) [23] & IPMM (J. Park, S. Jung, J. -1. Ha) [27]
v v
= e ey e : P based FW controller + LUT : = [ Simgularity &s resolved [ QP | Filter for = [ Time optimal voltage vector ransition
= to enhance the torque response stability a torque reference is required. (K. Choi, Y. a
5 S Y. June. C. C. Mi. K. Nam) 120 Att{en'lpt to rem(l)ve LQT | & Kim, K. -S. Kim and S. -K. Kim) [24] & | (H.-J.Cho, Y.-C.Kwon, S. -K. Sul) [28]
containing operating point | v
: Direct voltage reference calculation | : Nonlinear FW controller + parameter 5 : -
: Calculate voltage reference over hexagon | dependency Q Six-step operation based on flux vector
shaped voltage limitation from the torque, | Parameter rank deficiency & prediction (H. -J. Cho, 8. -K. Sul) [29]
and current constraint | is resolved by signal injection
| : PI based torque controller
| | = | Singularity issue is resolved | Levenberg- : Transition between PWM current controller
= & | Marquardt optimization | Not specific gain- [€  5pq six-step current controller is required
= Speed control of IPMSM for FW | 8 rule (H. -S. Kim and S. -K. Sul) [25]
D . .
= opention(J.-M. Kim, S.K. Sul) [13] | : Nonlinear FW controller + signal injection
v |
) e e e e e — =
= Costant power s peed operation for
S IPMSM(J. Wai, T. M. Jahns) [14] Attempt to develop
- .y fast and robust FW algorithm
o
- = - _ _ [2023, In this master thesis] Pros
5 Gain analysis & adaptive gain scheduling 1. robust for inductance error
> for Pl-based FW controller Proposed FW operation based on nonlinear 2. No change in current controller
&, | (S. Bolognani. S. Calligaro.R. Petrella) [15 optimization with mathematical analysis :
3. Fast calculation for torque control and
- - seamless transition between various FW
=z Six-step operation & operating condition
5‘ Instantaneous current control <« pei g
) (Y. -C. Kwon, S. Kim,S. -K. Sul) [16] Cons

1. Steady state error in MTPV operation

: PI based FW controller 2. Six-step is not considered

: Main target is the speed control

a9 25 AF Y A% Aoy AT BEE
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22143 Ae]7] 7]¥E w4 [13]1-[16]

AHE =7 A AHS A whol H]# A< (Proportional-Integral, PI)

AA71E Fll AF APE TSk FEHY  okAE A7

ArE At [13115]. =9 Aske] A717F A4Sk Algk 2718 & 74

d= AR5 9 Wdoe= "WAY [13] A7 Z= A #
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A3 kA 2 FFellAe] B AoE ST
# 4 3}

& AelMe Fotd HAs Ve Alska ol F o] gshe] ofaks
A FAelM ] B AlolE 9 HA 3} ZAE 4T

3= kA FHAsE VIl AREEE &0l A9,
213 #] 9k 3F4=(Lagrangian function)®} 2}1%%| <k #Ftf $<=(Lagrangian
dual function)®] olE ZA7)gttt. Ao /d(Duality) 2! o] iE-#|(Dual
problem)ol] thal Argsta HA s} ZAQ a7t WSk HAAE 27l
sl 7ls=stth HAAY £ =5 % 3H(Convex optimization)of] T 3l
FeFE xdol AHHsk=d, ol& wge®R 23 A& (Quadratic
programming, QP) = A7} a4 4 = 7HE ¢ Jles AW vAdY

A43 BAS A5 A6 24 ALY BAS wEHoR Fr w3

e dl7E AA HAs = ek A A 2360 ds) M=

328l AE BiEeld &% WES mgom ok oA

FAeA e Ea AofE A vAdE HA3 EAE st Fos
A 2ol A Addst ks d Ase By xdRETeE RS
Uty FEAR FE3% dg7] ASHe ol gste] Aot wAZE A
A2t 2d (Strong duality)S YUEFHS Holil SQP WH oz HA o mdd
T Aes At

2 21
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SEEEL I E I

A
W
(8]
—

3115508 HA5 W Ak @4, AT 359 39

min f,(x)
subjectto g,(x)<0,i=1---,m (3.1
h(x)=0,j=1-,p.
Tt HA k= flsh 2ol 7= v]E 3HE(Cost function) f,(),
53 Aok 27 E<(Inequality constraint function) g;(-) , 53 Aok
%71 ¥ (Equality constraint function) hj (), FA3 W (Optimization

variable) x% AT HAs= RS FEE AL A6

™
Ak 2AL WEAINE aAY A5 WFE FE AL HEZ )

<

o)
= WS WSS F 4 8)(Optimal solution)2hal E & s}, & A & o A
ZH ®&= vlg 34 3k A 8] E(Optimal cost)o] 2} FEu}. 912 e] 3k

el BE A 2AS wEaH o)F Ad sbssivn mds,

5
ARAZIE, dd Bz Al £3e E(Active) AleF xxiolgtal
golattl, 19x UL Aok 2AES H]EA(Inactive) A|F F7o gt
o] g,

Active constraint: g,(x,,)=0

Inactive constraint: g,(x,,) <0

opt

(3.2)

Aol Ak 2 FgEo] BF Aol ¥ A 3H(Linear
optimization)2til  gejstm, o] T shEi= Aol ofuw HAY
% %] 3}(Nonlinear optimization)2}1 723ttt B =Fojx AHst= v &

F4, Aok 27 @FE BF R b5 g5eta e



“=(Slack variable)&} 11 -2t}

L(x,p,v)=f,(x)+p g(x)+ v h(x)
g h

where pe R",veR’,g=| : :R">R"h=| : [R" > R".
g h,

(3.3)

4 BA GDE Ak x7o] wE:HA e A Tave] ug
Pahahe BAZ old@ 4 k. oldd m§ FrE (49 2ol o
Wael dlslA etaEAr §4E Assel gog 5 3
woz, Folxl HHH FA QDS otdle BA (5% ol & &

7]
o1tk
f(x) fx)<0&h(x)=0
y(x) = sup c(x,p,v>={ . G4
P20y 0 otherwise
1nf y(X) = mf s1tp L(X,p,V). (3.5)
p20,v

o Ao SUP olabxb WE W4 yoh 7 2ah omth 2 oW

p=0,v

e zheth inf e wE WS xol] g skeke o vl s,
$HA, HAst ®ige] diste] oAt s Hasst dE
ekl g ojstH, ofef el o] ®7]E
d(p,v)= irlf L(x,p,V). (3.6)

==

SagAg FEE At 24 Bl FA R A dhstol
o519l FF(Affine function)olth. of5el gt AHo] 00] okl Y
e mach SagAd AU BRE olEd ofuel FLE
SaAES AL i)y WEel mE drel Aok £ 5ol

Fulg 4% Qo] 97 BES ¢4} Bk
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3.1.28 0 A4 9 A

oX,
A
2
oX,
[
Y
10

X
10

Ao A e aEARE A deE 54 deE 2 off WgE
HAsE Wer 2hs HA3 TAE dAvlet, ofi gl 2ol FoHn

sup d(p,v) =sup mf L(X,p,V)
Py (3.7)
subjectto p>0.

A A4 372 Hd 9 FA (35004 inf, sup AR}l Al
TAE v AR olslE 4 k. HU-FHA F54(Max-min
inequality)ell e} 7 ofgje} 2 F52o] A7t

sup 1nf L(x,p,v) < mf sup L(x,p, V). (3.8)

p=0,v p=0,v
A FEAA Y 53 E RSSTid, o EAle AFsh 2ol (Strong
duality)S  wH3kch

= ar
duality)s $Eettia st 9l o FAVE A AdAds

-,

[
ol
)
g
o
f
2
Jdo

N

J 2] (Complementary slackness)E TF3tt). o] =

T Aok £ gl olel Wt o W ol HHNAM 0

&S AT ofd) Ae] agmin g} argmax el zbzt Fofdl
e A2BAE WE x, AU AV dF B aEshs

X pt = argmln ﬁ(x7popt’vopt)

X

3.10
where x,,, —argmln 7(X)s (P opis Vop 2 argmax d(p,v). G-10)
p=0,v
e s wSeke 4o vAdd HAsk Al skl ¢ Txﬂ
.__:Ix_c _'q.:-'

30 | =



HAs e A A9 HAs= AH-F-H A
optimality ~conditions, KKT conditions)S JQeF7Hoz zte=th B

wwolM e HAA 32 obfie] KKT 3+ 7H] 70

%71 (Karush-Kuhn-Tucker

Primal feasibility: f(x,,)<0, h(x,,)=0 (3.11)

Dual feasibility: p,, >0 (3.12)

Complementary slackness: p, ,, f,(X,,)=0 (3.13)
.. 0 r 3

Stationarity: o (X5 Popis Vo) = 0. (3.14)

KKT 72 48

3.3 Ak 21S 1183k SQP 7|wke] wl Y HA3E 7 [34]

A
_>|“l_'4
[\S)

2} A £ ¥ (Sequential Quadratic Programming, SQP)< ¢ 2] 2] H] A1 3
HAg TARZRE sty FAl(Subproblem)E 232} AW FAE

, oFSl EAlE HrEAoR Fol o EA HAdME =Eske

24 % v g $F B=H(Convexity)e ARFTE FEIL 29 o
WA BEe] B, 2 AQas W] me fu4 9 sy H57)
A4 A

31 I =



.
min % Ax+leTBkAx
Ax | Ox 2

.
subject to (ﬁéx")] Ax+f(x,) <0, (3.15)

X

oh(x,))
Ax+h(x,)=0.

ox
o8kl A A EAE 9 skl Al 2 oSke] wAle] A
A HAHE 72 7 Stk o]F ofgiel o] HE AAFoerA o

=3
2o A A A HAHAE 2 5 ATk

rig
2

X, =X, +aAx,
P =P, +aAp, (3.16)

V., =V, +aAv
AX,(Ap.AV) = 717F 3tg] BA9 HAG, sk9 AT EAY HAS
uiate, e 2
SQP Wil =
PAL obehel 2UAEL WE AlA} dAck.

7o) wlj 7| ¥ 5=(Step length parameter)-S 2] 0] $tc}

%

P>

¥ (Local convergence)S MK 3sH7] ¢34 B,

.

38, > 0such that d' B, d > 3, I Vde{d:(g—hJ d=0}. (3.17)
X

38, >0 such that ||B, |[< S, . (3.18)

3, > 0such that || B;' || < A, (3.19)

=3 (3.17) = BF ¥4 (ah/éx)T o] 9 FZHNull space)ol] &3l
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subject to f; (i, [£]) + [%j Aiy, <0, 4.1)
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max

. . T o 2
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eF LR AREY] oA EehTt vt o] mbHin

oL, of &,
alr 2 al/ 2 Valr 2" (418)

dgs dgs dgs

Al (4.10)9] S AIRE oAl =g (4.13)Y FEl= ZAINE AT
Agt 2700] 535 A EHHA 0 o]iolojor FH p= S5 S
7H 4 LA "ok

9] BA @R)elA WrolAd e FA @1D)H (4.12)9) Bl 747}
o°L, Joi,} ¢ Lfon,} o) wigiHelor @tk webd o) E@d v
WEOR} Ao}77h Eoloksh: #9l EAlE old T FRe BAz
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olgstel AAalT Fratgich. ek

A (@2 (4232 9L
bRt GElt= A AE oA
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AAZFO R 2x2 B} & B APHS Aitetes A @ A
Hde g sty mEbA HAG dis) AEgez &3l 3
form solution)7} & Q 3} t}.

5% 34 (Block matrix) = o] Foj %1 A dPHo] JPHL ofgfel o]
o] ¥4 3= (Schur complement matrix)E ©]£35}o] 31 &5 PHE9

Gad W g Aoz 7 et [36].
A BT
C D
A" +A'B(D-CA'B) CA' -A"'B(D-CA'B) (4.24)
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where A e R BeR" CeR"™, and De R™™" .
w4 (4.21)0] g8y AHELS olgje} o] 7| 4 Ut}
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B A_ ——1 4.25
B A'B B'A'B (4.25)
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1 A 9,
=— B'A k
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o L J, , of.
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ldq [ al’ ’ } {a i, [ ] air J
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Positive definite matrix: A e R™" =0 <> x ' Ax>0,VxeR"-{0} (437
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MTPA operation Flux weakening operation MTPA operation
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MTPA operation Flux weakening operation MTPA operation
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Abstract

The interior permanent magnet synchronous motor(IPMSM) is widely used as an
traction motor for electric vehicles because of its high efficieny and power density.
The traction motor is needed to be operated with optimal efficiency in both constant
torque region and constant power region. In order to extend the operating region of
IPMSM into the high-speed region while the DC-link voltage and the maximum
allowable current of the motor drive system are limited, the flux weakening(FW)
operation is necessary, and the torque control is required even above the base speed.
Since the motor has non-ideal characteristics such as magnetic saturation and cross-
coupling effects, the real-time FW operation is needed to cope with such non-ideal
characteristics.

In this paper, A real-time torque controller for PMSM under FW operation is
proposed while considering magnetic saturation and cross-coupling effects of
PMSM. Firstly, the torque control under FW operation is formulated as an nonlinear
optimization problem. The analytic optimal solution to generate the optimal curernt
reference at every sampling instant is induced by applying sequential quadratic
programming(SQP) which is one of the nonlinear optimization techinques. The
computationally efficient solution is also proposed for implementation in real-time
control systems such as embedded systems. The computationally efficient solution
is identical to the original solution because there is no approximation in derivation
process. The theoretical and experimental results demonstrate that there is no steady-
state error in dq current operating point while operating on both constant torque
curve and current limit circle even if there is an inductance error. For the maximum
torque per voltage(MTPV) operation, the steady-state error occurs because of an
inductance error. The reason of this phenomenon is explained in this paper.

Previous studies utilizing optimization techniques have approached FW operation
as an equation-solving problem to find the intersection point between two
discriminant equations. Discriminant equations have been derived by utilizing the
Karush-Kuhn-Tucker(KKT) conditions as sufficient conditions. This approach
requires the incremental inductance, the partial derivative of the flux with respect to

currents, which is changed according to the operating point. To remove the, error
7 1]
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come from an inductance error, the parameter look-up table(LUT) for every
operating points is required or the high-frequency voltage signal injection is needed
to estimate the incremental inductance.

In this paper, we examine whether the KKT conditions, which generally hold as
necessary conditions, can be assumed as sufficient conditions. By utilizing the KKT
conditions as sufficient conditions, the torque control under FW operation is
approached from the perspective to optimize the dual problem of the original
problem. Thanks to this approach, the optimal solution can be derived without any
tunning factors, and this solution promises the torque control which is robust to
inductance parameter error.

In this paper, an experiment is conduted on the traction motor of electric vehicle
whose maximum torque is 360 N-m, and the base speed is 3,000 r/min to validate
the proposed control method. Experimental results show that the proposed torque
controller tracks the optimal operating point when the torque reference is changed

with slew-rate 2700 N-m/s at the 2 times of the base speed, 6,000 r/min.

Keywords: IPMSM, flux weakening operation, real-time torque control,
nonlinear optimization
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