QBES Technische Universitat Miinchen L‘HH I H

Nonlinear control of reluctance synchronous machines

—Part I: Generic model and control—

Christoph Hackl and Julian Kullick

Munich School of Engineering
Research group “Control of Renewable Energy Systems (CRES)”
Technische Universitat Miinchen
Www.cres.mse.tum.de

University of Stellenbosch
South Africa

24.04.2015




CRES Technische Universitat Miinchen H\Uiﬂ

Introduction

Simulation of large-scale wind turbine system (CRES book chapter)

Turbine Getriebe Generator Back-to-back Umrichter Filter PCC Transf. Netz

===t

= Current control (generator-side) = Current control (grid-side)
= Maximum torque per Ampere = DC-link voltage control
(MTPA) = Reactive power (feedforward)

= Speed control (Maximum power control
point tracking (MPPT))
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Introduction

Simulation of small-scale wind turbine system with RSM (Master’s Thesis Julian Kullick [1])

Turbine Getriebe Generator Back-to-back Umrichter Filter PCC Transf. Netz

===

Current control (grid-side)
= Maximum torque per Ampere DC-link voltage control
(MTPA) Reactive power (feedforward)

= Speed control (Maximum power control
point tracking (MPPT))

= Current control (generator-side)
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Outline

Motivation
Generic (fundamental) model of RSM
Nonlinear PI current control of RSMs (model-based [1])

Current PI-funnel control of RSMs (model-free)
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Motivation
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RSM: A viable alternative?

d
q
e
Pros: Cons:
= very cheap = low power factor

= high efficiency possible

= high energy/power density
(compact design)

= sensorless control feasible
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Outline

Generic (fundamental) model of RSM
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System dynamics

Rotor-fixed reference frame k = (d, q)

'k
2 135
s — O

k d 1k
dt *'s

O

Stator voltage equation:

. d
wl(t) = R (1) + &%’“ (&) + wi®) Tyl (), [VIP l(0) =4, [Wb]’
. (1)
—1
where J := [1 0 ]
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System dynamics

Rotor-fixed reference frame k = (d, q)

Wk

:?r
-1
;éi

P

R,

Stator voltage equation:

wh(t) = Rak() + S0l ) + Tk @), VP w0 =ul, [WhP

where J = [O _1}

10
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Flux linkage

Nonlinear map: Dependency on stator currents

— Z
e} S
355525
= S
[ (555555
rritr7 4

(a) d-flux linkage

(b) g-flux linkage

= Magnetic saturation
= cross-coupling | q
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Flux linkage

Nonlinear map: Dependency on stator currents

[Wh]

(a) d-flux linkage

(b) g-flux linkage

= Magnetic saturation
= cross-coupling | q
= Nonlinear dynamical system!
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Outline

Nonlinear PI current control of RSMs (model-based [1])
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Derivation of the nonlinear current dynamics

= To be derived: Nonlinear current dynamics

d 4

T t)=... (2)
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Derivation of the nonlinear current dynamics

= To be derived: Nonlinear current dynamics

d 4

T t)=... (2)

= Given: Stator voltage equation

ub (1) = Raf(1) + Twb) + Tk, wh0) = vl
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Derivation of the nonlinear current dynamics

= To be derived: Nonlinear current dynamics

%if(t) =... (2)

= Given: Stator voltage equation
@@=&ﬁm+%ww+wwuﬁm ¥ (0) = 9

Assumption 1

Flux linkage " [Wb]?* is a continuously differentiable function of the stator
currents i* [A]°, i.e.

¥ RPR% i - gi(E) A () e CHRYRY) ®)
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Inductance matrix

Definition 1
2%X2

Inductance matrix L [H]*** is defined by
Pl disk
Lra - [ Beah] |52
T L) Leh| T | 2l

18

oS (qz'f)

Y (iF)
0l
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Inductance matrix

Definition 1

Inductance matrix L* [H]**? is defined by

disk
N B O Kl el | R 7C9] B
: L) LeEh] T (2l s || T TaE |
S 7:3 7’5

= positive definite (see [4]):
Vi e R%: LF(iF) >0 < L3@6F) >0, L39(3F) > 0, det(LF (i) > 0 (5)
= symmetric (see [4]):

Vil e R®: LF(if) = LE(iH)T < Lf9(f) = 124Gl) (6)
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Current dynamics

= Time derivative of the flux linkage:

’Lk
i (0) oy LGl (1)) 748 (1)

d k(:k s
a’d’s (ls (t)) 8zf(t) dt s
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Current dynamics

= Time derivative of the flux linkage:

d g ws(zf()). _ kg :
GUEm) = O (0 = LI 1) i (1) (7)

= Inserting (7) into (1) gives current dynamics:

) = LEGE )™ [uk () = Rl (1) —wn ()Tl (i (1)
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Current control (linear system)
Linear RSM: Flux linkage

Assumption (temporary) 1

" is a linear function of the stator currents i*. Then:

LF(") = LF =const.  and  F(i¥) = LFiF (9)

¢ [Wh]

(a) d-flux linkage (linear) (b) g-flux linkage (linear)
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CRES
Current control (linear system)

Linear RSM: Deriviation of current dynamics

=1/L7 ..
T
Loapy® L ] :
&Zs (t) - Lsddqu _ quLgd [us (t) - Rsls (t)

dq
+arOUIGE0) - o (400 - Rit0) — a0 aE©) | (10)

~
=:usd,dist(t)

11/27
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CRES
Current control (linear system)

Linear RSM: Deriviation of current dynamics

=:1/L_im,x
d_ 4@ L '
&st(t) = LA — [Ja [usd(t) — Ryil(t)
q(k _Lsdq 9(t) — Ri9(t) — A6
+urOuE(0) - T (w0 - R0 - we@ul@E@)) | (10)
=:u£;5t(t)
::1/I{g.aux
/_/%
d o\ ® L '
azsq(t) &/ Ldagt  [dad [ug(t) — Ryid(t)
. Ly ‘ '
(O GED) — T (w(0) ~ Rl(r) + e (@E@) | (1)
= 4, (8)

11/27
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CRES

Current control (linear system)

Linear RSM: Current dynamics

= Current dynamics:

d . 1 .
() = o [ul(t) = Rl (0) + o (1)

s,aux

d. 1 ) y
O =z [ ) = Rit(0) + o, ()]
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CRES

Current control (linear system)

Linear RSM: Current dynamics

= Current dynamics:

d | 1 , (
i) = [ul(t) = R (D) + o (0]
d . 1 . .

&zsq(t) = T [usq(t) — Ryid(t) + usl‘dist(t)]

= ... with ideal compensation of the disturbances (see [2]):

Sy L[l - Ride)] e BO) __E gy
dt ° Lgaux us Zs ’U/g(S) o 1 + SLsd,aux
’ Ry
d . 1 ) 12(s) é
—5q — q _ q S =
Q) oo [w!(t) = Raf(t)] o= <4 PR (13)
R,
12/27

26.03.2015 “Nonlinear control of reluctance synchronous machines”, C. Hackl



CRES

Technische Universitat Miinchen L‘HH I H

Current control (linear system)

Linear RSM: Current dynamics

= First-order lag system with

dig

&=

-dlg

s
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Current control (linear system)

Linear RSM: Current dynamics

= First-order lag system with

= gain 5[] and

. da
Us. dist

T;. d/‘]
dlg -dlq

&=
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Current control (linear system)

Linear RSM: Current dynamics

= First-order lag system with
= gain 5[] and

4/
= time constant 7.9 = LS,TJLX [s]

djq
s, dist

T;. d/‘]
dlg -dlq

&=
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Current control (linear system)

Back-to-back converter (generator-side VSI)

= VSl generates stator voltages u according to reference u”,
(PWM/SWM)

dlg _dq
Us,comp Us dist

oyt . usd/q isd/q
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Current control (linear system)

Back-to-back converter (generator-side VSI)

= VSI generates stator voltages «* according to reference us’fref
(PWM/SWM)

= VSI approximation als first-order lag system with Ty, = m [s] (see [2])

dia
us'" (s) 1
Fysi(s) = A (14)
ujgef( s) 1+ sTyy
1 1:1130 mp U :L ?l ist
l T Ty i "
- u-:l,/gef usd/q ZSd/q
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Current control (linear system)

Controller tuning: Magnitude Optimum

= Overall second-order lag system:

g 1
is (s
By(s) = — ) _ i (15)
U rep(s) (14 8T57) (1 + sTas)
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Current control (linear system)

Controller tuning: Magnitude Optimum

= Overall second-order lag system:

g 1
1s S
By(s) = — () _ i (15)
us’ref(s) (1+ sT5™)(1 + sTat)
= PI controller
1+ 8T a4
Fpy jan () = Vg e —5 da (18)
n,
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Current control (linear system)

Controller tuning: Magnitude Optimum

= Overall second-order lag system:

R = o0 _ i (15)
ule(s) (LTI (L + sT)

= PJ controller
FR)i;j/q (S) = V}zﬂ.g/q — b (16)

= Controller design according to Magnitude (or Modulus) Optimum (see

[3]):

TR,
ntroller gain: V, .40 = = [©
CO g R,lsd/ 2Tdt [ ]
Controller time constant: 7' 4 = T4 [s]
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Current control (linear system)

Closed-loop system: Pl controller, VSI (approximation) & linear RSM

-djg

s
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Current control (nonlinear system)

Nonlinear (real) RSM: Flux map

Assumption 2

" is a nonlinear function of the stator currents i*. Then:

LF(i¥) # const.  and (i) (17)

o]

7=

755 S e

7585505550 5SSs S OSOUS OSSN
= o SRS
(ITHRE5G55S RSSSSOSSOS SIS S
— (555 SIS
3

= 1,224 S
=

(a) d-flux linkage (b) q-flux linkage
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Current control (nonlinear system)

Nonlinear (real) RSM: Inductances

0
40

2040 40720
il [A] i [A]

Figure: Self inductances
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Current control (nonlinear system)

Nonlinear (real) RSM: Inductances

0.01 0-01
0 %'/ ‘ //'//////// e 0 i /I"””/l/ iia
“\‘ : ///I//I/';”///I/I”";" \\\\ ///;Zl////ll////;’,
001 —0.01
090, 20 40 P20 " 20 40
_2940 _40-20 _2940 —40720
9 TA] i [A] i [A] il [A]
(@) £ [11] (o) 71

Figure: Cross-coupling inductances
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Current control (nonlinear system)

Nonlinear (real) RSM: State-dependent parameters

= Auxiliary inductances L¢, . and L¢,, become state-dependent

aux S,aux

L(IQ/dd
i = - dqyqd 9 (i)
s, aux s, aux \ %
L4413 — L[

%

T LgGRLEE) — LR 186

qu/dd( -k)
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Current control (nonlinear system)

Nonlinear (real) RSM: State-dependent parameters

and L?, . become state-dependent

= Auxiliary inductances L, . 2 ux

d/ L dlq (:k

s,aglx = dd T aq dq 7 qd = S,aql,lx( 's )
LAdTg9 _ [daT 8

LA™ i)

T LgGRLEE) — LR 186

= Time constant 7% becomes state-dependent

L T () o L))

Td/q _
R, R,

S
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Current control (nonlinear system)

Nonlinear (real) RSM: State-dependent parameters

= Auxiliary inductances L¢, . and L¢,, become state-dependent

aux S,aux

L(IQ/dd
i = - dqyqd 9 (i)
S, aux S, aux\"s
L4413 — L[

LAV i)

T LgGRLEE) — LR 186

= Time constant 7% becomes state-dependent

Tda —

S

d, d .
Ls,/a({lx - Td/q('tk) = L37{1({1x(1‘§)
R s R,

= Constant controller design incorrect
(bad performance & or even instability)
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Current control (nonlinear system)

Nonlinear (real) RSM: Online adjustment of controller parameters

Assumption 3
Sampling time 0 < Ty < 1[s] is sufficiently small, such that

V7€ [t — Ten, t] Lsk(zsk(r)) = Lsk(t — Tety1) = const. (18)

= Update of the controller parameters in each sampling step:

. .k s S ,auX
: ) — S — ) S Q
Controller gain Vi, ida () T T 2]
. .k o L)
Controller time constant: 7T, 4 (4) = T.M(4)') = TS [s]
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Simulation results (9.6 kW RSM)

Nonlinear (real) RSM: Nonlinear PI current control with online adjustment of parameters

20
< 0
—20
<
| | | |

|
0 0,02 0,04 0,06 0,08 0,1
time ¢ [s]

Figure: Nonlinear Pl current control with inverter approximation as first-order lag system
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Simulation results (9.6 kW RSM)

Nonlinear (real) RSM: Nonlinear PI current control with online adjustment of parameters

(A]

(A]

|
0 0,02 0,04 0,06 0,08 0,1
time ¢ [s]

Figure: Nonlinear Pl control with inverter and PWM (more realistic scenario)
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Outline

Current PI-funnel control of RSMs (model-free)
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Principle idea of funnel control

Nonlinear (real) RSM: Prescribed transient current accuracy

¥(0)

<
le(O)] ‘\/

. /1
VA

t time [s]
Funnel controller:
| uie(t) = k(t)e(t) | (19)
where
= e(t) = (ed(t), e2(t))T = il oe(t) — i (1)

1

] = 1 i e = /ed(t)2 el(+)2
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P1 with anti-windup

Nonlinear (real) RSM: PI controller with anti-windup implementation

sat;

u kp u,
19 | l: s %—»
]

I P e V8

wa(-)
I s 1

FEW) = Fan (€0) + Ry ure®)) K e (1),
Ul o () = €() + hp ure (1), £(0) = & eR" (20)

where k, > 0,k; > 0.
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Closed-loop system for simulation

Nonlinear (real) RSM: Simulation environment

Park/Clarke Clarke
Pl-funnel i
n;Jr ”er transform. trafo. VS| nonlinear SM
controfle PWM power elect stor
k s be
U ref dq UYs ref | a8 us?rec ,u'sabc 'wk
T% -
af abe T e AN Y l
¢r = fwp dt i
. .abc a b oseNT
dq i |aB 207 = (i, 4], 1)
controller implementation af abe “real world”
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Simulation results (1.1 kW RSM)

Nonlinear (real) RSM: PI-funnel control

FC, —— FC+Pl and —— FC+PI>

! ’ —a]
llell [A] 2 |
\_
0 M N N I e N
1500 T T T T T
1000 1
k [V/A]
500 -
0 Il Il Il Il Il
il [A]
if [A]
0.05 01 0.5 0.2 0.95 0.3
time ¢ [s]
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Simulation results (1.1 kW RSM)

Nonlinear (real) RSM: PI-funnel control FC, —— FC+Pl and =—— FC+P[2¥

1500

llg e

(|l [v) 1000
500

0

— - Upc
2

1000

(I

0.0 01 0.15 0.2 0.25 0.3

time ¢ [s]
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