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 GA based AQDM Characterization Procedure
« MTPA Control strategy

« AMTPA Control Strategy
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Alternate QD IM Model (AQDM)!!
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[1] S. D. Sudhoff, D. C. Aliprantis, B. T. Kuhn , and P. L. Chapman, “An Induction Machine Model for Predicting
Inverter —Machine Interaction,” /EEE Transactions on Energy Conversion, Vol. 17, June 2002, pp. 203-210
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S

necific Forms of AQDM parameters

e For
>

[2] S.D.

oractical use of AQDM
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Sudhoff, D. C. Aliprantis, B. T. Kuhn , and P. L. Chapman, “Experimental Characterization Procedure

for Use With and Advanced Induction Machine Model,” /EEE Transactions on Energy Conversion, Vol. 18, No. 1,
March 2003, pp. 48-56
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AQDM parameters

e Parameter vector to be identified Is

Coefficients of L, I, L,, Y,
I—Is 1_wm Llr
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Experimental Measurements - |

e Fundamental frequency impedance test set-up
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Experimental Measurements - |

e Fundamental frequency impedance Z;:*

Control Algorithm 900 rpm
0.1 - 10] = : Induction

| 0 : Machlne

$_ T - Drive

I — |qi il
8,
Kk k k > fz,k
N fz - e* qu a)e a)SJ ZCISZ
0 =1 di inpu\tfdata output data
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Experimental Measurements - |

e Analytical form of fundamental frequency
Impedance

> fz,k
qu =
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Experimental Measurements - |

Stand Still Frequency Response impec

» To extract high frequency phenomenon
In Inverter-machine interaction

ancCes

Current (A)

time (sec)
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Experimental Measurements -

e SSFR impedance test set-up

LCR

= TER

Fall 2005 EE595S Electric Drive Systems

= ssfr,m
qu,j
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output data
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Experimental Measurements - ||

e Analytical form of SSFR impedance
for given input data {i;, o}

gmO e,

2 ssfr,m AV
E1LLE j m
ZQS,J = It SI-Is (ﬂ“qmo)

Al
) al_,s(z(;“mo)im 3 st (Yr " (5)+ Lie (Ao 5|
Oy Yr‘l(s)+(L,r(/1(;“mo)+LMo)s

where s= jay;
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Impedance Errors

output
data

¥ . ﬁ I —

Input

data

Impedance

Errors

AQDM —
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Impedance Errors

e Fundamental frequency impedance error

e SSFR impedance error for each m=5,10,15,22 A
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GA based Characterization Procedure

Parameter |Identification for AQDM

ags

Nonlinear Optimization Problem

Fall 2005
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GA based Optimization problem (OP)

e GA is employed to solve the OP

» Case |

> Case Il
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Evolution Process

e Best fitness (N, =1000)

18

——— Dpasedon fyg
164 -~ Dbased on ffz/ssfr
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Fall 2005

Quality of Fit

In terms of impedance error

AQDM AQDM
0= sz 0= sz/ssfr
E: | 0.0599 0.0625
Efs/?r 0.3219 0.1026
Eg}ﬁ 0.3313 0.0389
Eco?| 03718 | 0.0325
EZA| 0.4785 | 0.0803

EE595S Electric Drive Systems
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Quality of Fit

e In terms of fundamental frequency impedance

> fz = fz
‘qu Z qus
. gsmeas —t— qu eas
8y + ;qs,est W;g—’i:e’iafz ......... 100 wor - —a qu’est wib=theta_
W — e a --._uh gttt e ’ —
N s qs,e{s}_ fz.fssfr : — qus,est w/0 thetafzfssfr E

i R qi log,, w.
ql Ioglo a)s glO S
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Quality of Fit
In terms of fundamental frequency impedance
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B based on fy,
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Quality of Fit
e In terms of SSFR impedance

i =05A

0 L ,...,_.,.._.,.E ........... _.....“..% ....... i
—— Z

ssfr a5 fz
_20 oo 2 S L LS RE Tt SR
qu AR EHE R & I e

gs,meas

ssfr
Y,

10 10

log,, @
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Quality of Fit
e In terms of SSFR impedance

i = 10A
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Quality of Fit
e In terms of SSFR impedance

i, =15A

P4
gs.meas

—— qu,&
—4+ qu,&fssfr

ssfr
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-100
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Quality of Fit
e In terms of SSFR impedance

i = 22A

ssfr
Y,

= . = [
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Dependency on population size

< Np =1000,500,2000,5000, and 10000

10

Best-fithess

0 200 400 600 800 1000

Generation
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Dependency on population size

e |In terms of impedance errors
Ne | f | Eg | Egy | Esir | Esrr | B
0 t;/ssir | 7.86 0.063 | 0.103 | 0.039 | 0.033 | 0.080
500 7.95 0.063 0.101 0.037 0.034 0.077
2000 1.77 0.063 0.100 0.035 0.035 0.088
5000 7.96 0.063 0.103 0.037 0.033 0.076
10000 7.98 0.063 0.102 0.037 0.033 0.075
Fall 2005 EE595S Electric Drive Systems

25



Dependency on population size

e In terms of Fundamental frequency

50 -
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Dependency on population size

e |In terms of SSFR impedance at 15 A DC bias

O
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Consistency In repeated applications

e 100 repeated applications with Np=500
f E E, <5%
U 7.834 0.0628 69.70
O 0.0955 0.00045 1.253
5A 10A 15A 22A
Essfr Essfr Essfr Essfr
U 0.1003 0.0358 0.0355 0.0841
O 0.00178 0.00173 0.00146 0.00642
Fall 2005 EE595S Electric Drive Systems
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Validation I-Time domain simulation

+ T1-|I<BT2

e ==C,

T4 _lngS

i, i /\

V

»  Comparison of c-phase current ripple

»  Measurement of c-phase current
v' IM was driven at a speed of 1790 rpm

iS; =55A and ¢, =2.09 rad/sec

1790 rpm

} (l)l'ﬂl

»  Use of Oscilloscope with 20u sec data acquisition sampling time

Fall 2005
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Validation I-Time domain simulation

e (C-phase current waveform and its ripple

> AQDM with 0 =05,

> AQDM with 0 =0,

A
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Validation I-Time domain simulation

e (C-phase current waveform and its ripple

> AQDM with 0 =05,

15

> AQDM with 0 =04/

15

> Measured

20 ms

¥

PO ms

f

10

Fall 2005
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Validation Il — Application to MTPA

e Structure

MTPA [
Control
Scheme [

e Goal
> (Tracking)
> (MTPA condition)

Fall 2005 EE595S Electric Drive Systems
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MTPA Control based AQDM

e Derivation

3P/ e .c e :e
Te :Ez(ldmlqs _ﬂ“qmlds)

v
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MTPA Control based AQDM

Derivation (cont)

[CR

Te(ls,ws)—gp'lm{[zag(_/lm’wS)-|SJ-|SJ

EE595S Electric Drive Systems
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MTPA Control based AQDM

« How to calculate 4,

» Newton-Raphson method

1 1

Rono Jeds)  jed(s) e
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MTPA Control based AQDM

+  Find optimal @, for a given |, and Ay

» Optimal technigue - Newton method

Fall 2005 EE595S Electric Drive Systems
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MTPA Control based AQDM

Newton Method (cont)

Te(ls,ws):;P.Im[[zag(?;e’wS).lsj.IS}

EE595S Electric Drive Systems
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MTPA Control based AQDM

« Maximum Torque for given I,

Te max = Max T, (0)5(|s Hfixed

IT 1L 1T

Teq Ws 1 ls1 | OA
Te,j a)sij IS’J
Te’NJ DsN, IS’NJ Is,rat
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e Curve Fitting

3.5

MTPA Control based AQDM

______________________________________________________________________________________

____________________________________________________________________________________

____________________________________________________________________________________

I.=a, T, +a, T.n +a,-T, >

‘9:{31 a, a; b bz}

Fall 2005
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MTPA Control based AQDM
e Curve Fitting

*
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Validation I[I-MTPA design

35

« AQDM with 6=0 . oo,

— AQI:)Mfz.fssfr

25

. (Te*) =0.109-T, —-17.0-T,*9*"" +18.5.T, 207

x 20
o, (T.')=14-24-10°1, +176-10°T,” I
-933-10°T,° +1.74-10°T,* i
5}
0]
» AQDM with 0 =0 3 oo
* 3 —+ AQDMfzfssfr. —

I; (7o) =0.102-T, - 6.41.T,°00 17,797,012

*

o; (T.)=13+7-107°1, +25.7-10°°1,” @,
—63.1-107°T,° +42.1.10 *T.*

_ _ 0 50 100 150 200
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Validation I[I-MTPA design

e Question?
» How to show that MTPA condition is met at @,

Fall 2005 EE595S Electric Drive Systems
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Validation I[I-MTPA design

* Measured torque achieved in open loop torque mode
using AQDM based MTPA control strategy

» AQDM with 0 =0, 1 08 frrrchera] Ber 90% Of 0 oo
i | —— 100% of _* |
104 “b‘ ....... _*_ 110(%' Of ms* i....-
1.02}-
Te
*
T, r
0.98}--
0.96}
0.94}
50 100 _, 150 200
Te
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Validation I[I-MTPA design

> AQDM with =0,

Fall 2005

IS N .7 DS R A |
i | == 100%0f o * | i
R e S B 0 e 1

EE595S Electric Drive Systems
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MTPA performance at a temperature

e Torque achieved by MTPA In open loop torque mode
at the temperature T,(°c) when IM was characterized

-I-* _ 150 106 ..1 ..... Y- gb% of @S* [
€ .| —— 100% of & *
l 104 ...., ..... —4— 110% O.I: ms* emmEmsEmEmsErEme e
MTPA
Control
Strategy
|, =25.1 @,
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Thermal Effect on MTPA performance

* Torque achieved by MTPA In open loop torque mode

| =251 o, =2.68 UL
150

149}

148}

> Torque at wg" T 1t

€
146}

145}

14 i i i i i
‘%5 30 35 40 45 50 55

Surface temperature ( °C)
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Thermal Effect on MTPA performance
»> Torque at 3 different o

165

150

LR WA ol W~ N

5 —— 90% of »_* 5
140} .......... e 100% of ms* ..............
: —« 110% of _* :

13 F F F - -
%5 30 35 40 45 50 h5

Surface temperature ( °C)
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Variation of stator resistance

e Off-line Multi meter measurement

0.25

2)

‘LIL

0.225

1
o

0.2

oldtlor resistance, r
©
=
o
i

015 i i i i
25 30 35 40 45 50
induction machine surface temperature (°C)

Fall 2005 EE595S Electric Drive Systems

48



Variation of stator resistance

* No dependence of MTPA control on stator resistance

Te(ls,ws)gP-lm[{zag(_/lm’wS)-lsJ.|SJ

Je
e Z,q = o, _
o er(ﬂ“m)+ : 1
. L
< Jog Ir(ﬂ‘m)+Yr(ij)

Newton-Raphson methond

\_ ‘a)eﬂ“m‘:\/a'ls'zag(/’tm’a)s)(
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Variation of inductance

e No load test

j (DeLlr N
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Variation of inductance

25

Fall 2005

25 30 35 40 45 50

induction machine surface temperature (°C)
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AQDM with r(io) in explicit form

7, J O, Ly J O‘)eLlr( m)

1
Yr (j(l)s) ~

(f Zr(ja)s) = rrz(ja)s)+ ja)sl—lrz(ja)s)

< rrz(ja)s): Re(zr(ja)s))

1
;

L, (j0) = ——Im(Z, (j,))

Ws

<l
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I, from 1 to 4 rad/sec of o, at T,('C)

0.18

Justification of I.in AQDM

for MTPA design

0.17}

Iz

'0.16}

0.15

0.01

Zr(ja)s) =Iy

(Jax) + oLy, (Jax)

ugs

Zr(ja)s) =TIy

+ ja)s LIrz(ja)s)

Llrz J.005

0

1
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Comparison between MTPA laws

e  MTPA law based on , (> (Jw )+ Jo, L,
. <
AQDM with “r r 4 ja) |

r =0.176 at T.(C) k |

Irz

35 , , , 3 4 , ,
—— AQDMW/ Z, ; —— AQDMW/ Z,
30f| -p.- AQDM W/ 01764 e L oo e 3.5} - AQDMW/ 01764+ o L |overrecesbvneennnens
25 ..... ............. ................. :
| " T0) WSS S 0” A S E——
S| SR S~ RN W
To] - .,. ................ .................
(] N S S S S
0

0 50 100 150 200 250 0 50 100 150 200 250
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Influence of I, on MTPA control law

. MTPA control laws based on AQDM with
Zr(ja)s) =l + ja)sl—lrz(ja)s)
where [, vary from 0.01Q to 0.21Q in 5 steps

40
35
30
I 25}
20
15

10F

Fall 2005 EE595S Electric Drive Systems 55



Influence of I, on MTPA control law

0 50 100 150 200 250
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Fall 2005

AMTPA control strategy

Structure

Goal

— | MTPA [

Control
s Scheme [

EE595S Electric Drive Systems

(Tracking)

(MTPA condition)
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AMTPA control strategy

VAN VN §
n(us,ws,ﬁ)—gp-umag(( o e ”)ls]u]

« Maximum Torque for a given I, It

€,Mmax s1°r

T, ... = max{T, (o, | f )}

1 Il Ny
T, @ I, I (fixed)
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AMTPA control strategy

@ Maximum Torque for a given I  r,,

Te max = mwax Te (a)s s, 1 ) fixed
L 11l 4 4

Te,l,l e 11 0A Is,l rrz,l 0.01€

Tejk @ jk Is,j Iz

Te,NJ,NK a)e,NJ,NK Is,rat IS,NJ rrZ,NKO-ZJ-Q
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AMTPA control strategy

Current command

* * *
*
VS and I
| s VS Te C()S Te r
35 T T T T
i i i »
: : : o yo]
o10] A S N S, o S c
e e : . S
| | it | S
e I L T =
| R | 3
ayEs———— P o v A >
: L I : : o
: . : : c
(1] S R B e [}
‘e ] ] ] D
» bt 5 5 : O
L e N M — Qo
» i i . i L
. : o
Bl =
. | n
> i
D“ L L il L
0 50 100 150 200

0 :
Torque command Rotor resistance
Torque command
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AMTPA control strategy

*

S

(T.7)=0.102-T," 6.4, 010 . 7.79. 7,157

40¢-
35}
30}
25}-
I* 20F
S 15}

10F
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AMTPA control strategy

2 (Te*’ Iz ) =7.22.1.,%99% 1 0.025.r 0.7 115

+« rawdata
curvefit

e 00
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AQDM based rr estimator

e Derivation

Z,(joy)
?c;s F J o, L jo.ly (7””) 2
T
J merz Fez ?;r
S S

> Estimate of rotor resistance
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« Derivation (continue)

AQDM based rr estimator

Z,(joy)

j mel’ls ] (D(?Ll’”(}‘m)

S

T
jodLy:
S

by
S

qr

> Estimate of rotor resistance

f‘}z =S -Re-

-

Fall 2005
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AQDM based rr estimator

Vo
abi e
5 K{,
bci

I.

at e
> Ks,i
L,

LPF N SRL LPF
1 ~e ~e \/g s max 1 rz,max A
i >V —jv, > —= = > —> 7.
(v,s + 1)° q d NG ‘ o (r,.s +1) J:ﬁn
*  estimate ~
m = qu A
|‘73_ (rs+j(oeL[5)’l‘V5| < a vqs+ (1_ G)quo [sT > ®, —~ _1 jEn 7\.m) _1 }’;,Z
. . ~n —Re [qu_ r:v_jweLls] +
@, < ociqs+(l—0t)lsT » O o,
A
M }\'m A
r.. Equation
: L : )T = 0.0318sec | I, max =0.35Q2
> 5 > i =i, > —
(z,s+1) ’ V6 ?’ — ’l" o0 \Ta =0.0080sec rrz,min =0.09Q
LPF Lo )
Qo = 0.005Qs
| i = —0.005Q/s

Fall 2005

EE595S Electric Drive Systems



AQDM based rr estimator

*
o =min(a,, ;)
where
o 1 if v, =0
v ~ ~
Vs | NVer else  |V,,|> Vi
1 it i =0
s /|3T else i[> I
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Validation - AMTPA

560V 1-1 rms AC

Rectifier DC Link Inverter Induction Machine
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Measured torque (Nm)

Validation - AMTPA

One operating condition

155

-
n
-

145

140

—— o_* of adaptive MTPA |

o .......... —=- o_"of static MTPA  f.....

13%

0 25 30 35 40 45 50 95
induction machine surface temperature ( °C )
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Validation - AMTPA

155

—
o
o

145

Measured torque (Nm)

—
I
(an]

& | == 1.0times o _* of adaptive MTPA
R W === 1.0times o_* of static MTPA
‘ | == 0.9times w * of static MTPA
..... 1.1 times o * of static MTPA

L2 I ¥ B T r Iy

13%

0 30 40 50 60
induction machine surface temperature ( °C )

EE595S Electric Drive Systems 69



Fall 2005

Validation - AMTPA

Changing operating conditions

—_
o
Y

—

Measured torque / Torgque command

0.98
0.96
0.94 P : : :
- —— mS* of adaptive MTPA |
0.92p et w_" of static MTPA AR .
09 i ; i ;
20 30 40 50 60

induction machine surface temperature ( °C )
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Validation - AMTPA

1.02

0.98

0.96

Measured torque / Torque command

oo +” 5[ =e= 1.0times «_' of adaptive MTPA
092b e ;___.:__ —=: 1.0times «_" of static MTPA
»' —-= 0.9times «_" of static MTPA
0.9—= cena 1.1times @ * of static MTPA
20 3 2

induction machine surface temperature ( °C )
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Validation — AQDM based rr estimator

e One operating conditions

155 1 1 1
=
5 190
-
o
| .
=
o
L
5
7 145 : . :
L == adaptive MTFA wi AQDM based estimator
= = aclaptive MTPA wf CLADM based estimator

- Static  MTPAat1.0times o7
14% i i i
0 30 40 a0 60

induction matar sirface temnerature ( °C )
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Validation — AQDM based rr estimator

135 1 ! 1

£ 150

<

i}

>

=)

2 145

o

D

- o : :

L ;4 =®= adaptive MTPA wf AQDM based estimator
o 140p-- S| g adaptive MTEA wif CQDM based estimator
= & | o staticMTPA at1.0times o *

. Static MTFA at 0 9times co;
cana SHAOC KTEA at 1.1 times m;

13%0 30 40 50 60
induction motor surface temperature ( °C )
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Validation — AQDM based rr estimator

 Changing operating conditions
» at 900 rpm

1.1 == adaptive MTPA wf ACDM based estimator —
adaptive MTFPA wi CLDOM based estimator |
= Static MTPA at 1.0 times o_~
- Static MTRA at 0.9 times @_*
w Static MTPA at 1.1 times @_~ :
1.05 |- e

T '=25} i50 | 100} 150 ;! 200 (Nm)
' potest——-fol et e 5

—

Measured torque / Torque command

20 30 40 50 60
incluction machine surface temperature ( “C )
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Validation — AQDM based rr estimator

» at 180 rpm
11 m I I I I
o T,'=25,50 ,100; 150 ; 200:Nm
5 el
= Lo o |
£ P !
S 1.05----- R T R o IO .
@ R
3 I '
E' I
o
|_
- o & - A T S BECCECEEEEFEEES EEPEEE —
@
=
<]
S . : : :
w=] == adaptive MTFA wf ALQDM based estimator
» 0.95F--- o 7| g adaptive MTPA wi CQDM based estimator
7 e — = StaticMTPAat 1.0times _*
e —.. Static MTPA at 09 times @ *
= . static MTPA at 1.1 times o_*

9
20 30 40 50 60
induction machine surface temperature ( "C )
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Validation — AQDM based rr estimator

e Comparison of the estimated rotor resistances
»  One operating conditions
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Validation — AQDM based rr estimator

» Changing operating conditions
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