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

‚ Current control (generator-side)

‚ Maximum torque per Ampere

(MTPA)

‚ Speed control (Maximum power

point tracking (MPPT))

‚ Current control (grid-side)

‚ DC-link voltage control

‚ Reactive power (feedforward)

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

‚ Current control (generator-side)

‚ Maximum torque per Ampere

(MTPA)

‚ Speed control (Maximum power

point tracking (MPPT))

‚ Current control (grid-side)

‚ DC-link voltage control
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Outline

1 Motivation

2 Generic (fundamental) model of RSM

3 Nonlinear PI current control of RSMs (model-based [1])

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

q

d

Pros:

‚ very cheap

‚ high efficiency possible

‚ high energy/power density

(compact design)

‚ sensorless control feasible

Cons:

‚ low power factor
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System dynamics
Rotor-fixed reference frame k “ pd, qq

Rs

d
dt
ψks

iks

uks

ωkJψ
k
s

Stator voltage equation:

uks ptq “ Rsi
k
s ptq `

d

dt
ψks ptq ` ωkptqJψks ptq, rVs2 ψks p0q “ ψks,0 rWbs2

(1)

where J :“

„

0 ´1

1 0



26.03.2015 “Nonlinear control of reluctance synchronous machines”, C. Hackl 5/27



CRES
Control of renewable energy systems Technische Universität München

System dynamics
Rotor-fixed reference frame k “ pd, qq

ψks

d
dt
ψksuks

ωk

iks

Rs

´

´

Stator voltage equation:

uks ptq “ Rsi
k
s ptq `

d

dt
ψks ptq ` ωkptqJψks ptq, rVs2 ψks p0q “ ψks,0 rWbs2

(1)

where J :“

„

0 ´1

1 0



26.03.2015 “Nonlinear control of reluctance synchronous machines”, C. Hackl 5/27



CRES
Control of renewable energy systems Technische Universität München

Flux linkage

Nonlinear map: Dependency on stator currents
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ψ
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rW
b

s

(a) d-flux linkage

´10
0

10

´10

0
10

´1

0

1

ids rAsiqs rAs

ψ
q s

rW
b

s
(b) q-flux linkage

‚ Magnetic saturation

‚ cross-coupling

ñ Nonlinear dynamical system!
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Derivation of the nonlinear current dynamics

‚ To be derived: Nonlinear current dynamics

d

dt
iks ptq “ . . . (2)

‚ Given: Stator voltage equation

uks ptq “ Rsi
k
s ptq `

d

dt
ψks ptq ` ωkptqJψks ptq, ψks p0q “ ψks,0

Assumption 1

Flux linkage ψks rWbs2 is a continuously differentiable function of the stator

currents iks rAs2, i.e.

ψks : R
2 Ñ R

2, iks ÞÑ ψks piks q ^ ψks p¨q P C1pR2;R2q (3)
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Inductance matrix

Definition 1

Inductance matrix Lks rHs2ˆ2
is defined by

Lks piks q “

„

Ldds piks q Ldqs piks q

Lqds piks q Lqqs piks q



:“

»

–

Bψd
s piks q
Bids

Bψd
s piks q
Biqs

Bψq
s piks q
Bids

Bψq
s piks q
Biqs

fi

fl

ˇ

ˇ

ˇ

ˇ

ˇ

ˇ

iks

“
Bψks piks q

Biks

ˇ

ˇ

ˇ

ˇ

ˇ

iks

(4)

‚ positive definite (see [4]):

@iks P R
2 : Lks piks q ą 0 ô Ldds piks q ą 0, Lqqs piks q ą 0, detpLks piks qq ą 0 (5)

‚ symmetric (see [4]):

@iks P R
2 : Lks piks q “ Lks piks qJ ô Ldqs piks q “ Lqds piks q (6)
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Current dynamics

‚ Time derivative of the flux linkage:

d

dt
ψks piks ptqq “

Bψks piks ptqq

Biks ptq

d

dt
iks ptq “ Lks piks ptqq

d

dt
iks ptq (7)

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

d

dt
iks ptq “ Lks piks ptqq´1

”

uks ptq ´Rsi
k
s ptq ´ ωkptqJψks piks ptqq

ı

iks p0q “ iks,0 rAs2

(8)
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Current control (linear system)
Linear RSM: Flux linkage

Assumption (temporary) 1

ψks is a linear function of the stator currents iks . Then:

Lks piks q “ Lks “ const. and ψks piks q “ Lks i
k
s (9)

´10
0
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´10

0
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´2

0

2

ids rAsiqs rAs

ψ
d s

rW
b

s

(a) d-flux linkage (linear)
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0

10

´10

0
10
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ψ
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s

(b) q-flux linkage (linear)

26.03.2015 “Nonlinear control of reluctance synchronous machines”, C. Hackl 10/27



CRES
Control of renewable energy systems Technische Universität München

Current control (linear system)
Linear RSM: Deriviation of current dynamics

d

dt
ids ptq

(8)
“

“:1{Ld
s,aux

hkkkkkkkkkkikkkkkkkkkkj

Lqqs

Ldds L
qq
s ´ L

dq
s L

qd
s

”

uds ptq ´Rsi
d
s ptq

` ωkptqψqs piks ptqq ´
Ldqs
L
qq
s

´

uqs ptq ´Rsi
q
s ptq ´ ωkptqψds piks ptqq

¯

loooooooooooooooooooooooooooooooooooooomoooooooooooooooooooooooooooooooooooooon

“:ud
s,dist

ptq

ı

(10)

d

dt
iqs ptq

(8)
“

“:1{Lq
s,aux

hkkkkkkkkkkikkkkkkkkkkj

Ldds

Ldds L
qq
s ´ L

dq
s L

qd
s

”

uqs ptq ´Rsi
q
s ptq

´ωkptqψqs piks ptqq ´
Lqds
Ldds

´

uds ptq ´Rsi
d
s ptq ` ωkptqψqs piks ptqq

¯

looooooooooooooooooooooooooooooooooooooomooooooooooooooooooooooooooooooooooooooon

“:u
q

s,dist
ptq

ı

(11)
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Current control (linear system)
Linear RSM: Current dynamics

‚ Current dynamics:

d

dt
ids ptq “

1

Lds,aux

“

uds ptq ´Rsi
d
s ptq ` uds,distptq

‰

d

dt
iqs ptq “

1

L
q
s,aux

”

uqs ptq ´Rsi
q
s ptq ` u

q
s,distptq

ı

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

d

dt
ids ptq “

1

Lds,aux

“

uds ptq ´Rsi
d
s ptq

‰

❝ s
ids psq

uds psq
“

1
Rs

1 ` s
Ld
s,aux

Rs

(12)

d

dt
iqs ptq “

1

L
q
s,aux

ruqs ptq ´Rsi
q
s ptqs ❝ s

iqs psq

u
q
s psq

“
1
Rs

1 ` s
L

q
s,aux

Rs

(13)
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Current control (linear system)
Linear RSM: Current dynamics

ñ First-order lag system with

‚ gain 1
Rs

“

1
Ω

‰

and

‚ time constant T
d{q
s “

Ld{q
s,aux

Rs
rss

u
d{q
s,dist

u
d{q
s i

d{q
s

1
Rs

T
d{q
s

26.03.2015 “Nonlinear control of reluctance synchronous machines”, C. Hackl 13/27



CRES
Control of renewable energy systems Technische Universität München

Current control (linear system)
Linear RSM: Current dynamics

ñ First-order lag system with

‚ gain 1
Rs

“

1
Ω

‰

and

‚ time constant T
d{q
s “

Ld{q
s,aux

Rs
rss

u
d{q
s,dist

u
d{q
s i

d{q
s

1
Rs

T
d{q
s

26.03.2015 “Nonlinear control of reluctance synchronous machines”, C. Hackl 13/27



CRES
Control of renewable energy systems Technische Universität München

Current control (linear system)
Linear RSM: Current dynamics

ñ First-order lag system with

‚ gain 1
Rs

“

1
Ω

‰

and

‚ time constant T
d{q
s “

Ld{q
s,aux

Rs
rss

u
d{q
s,dist

u
d{q
s i

d{q
s

1
Rs

T
d{q
s

26.03.2015 “Nonlinear control of reluctance synchronous machines”, C. Hackl 13/27



CRES
Control of renewable energy systems Technische Universität München

Current control (linear system)
Back-to-back converter (generator-side VSI)

‚ VSI generates stator voltages uks according to reference uks,ref
(PWM/SWM)

‚ VSI approximation als first-order lag system with Tdt “ 1
fPWM

rss (see [2])

FVSIpsq “
u
d{q
s psq

u
d{q
s,refpsq

«
1

1 ` sTdt
(14)

u
d{q
s,comp u

d{q
s,dist

´ u
d{q
s,ref u

d{q
s i

d{q
s

1 Tdt
1
Rs

T
d{q
s
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Current control (linear system)
Controller tuning: Magnitude Optimum

‚ Overall second-order lag system:

FSpsq “
i
d{q
s psq

u
d{q
s,refpsq

“
1
Rs

p1 ` sT
d{q
s qp1 ` sTdtq

(15)

‚ PI controller

F
R,i

d{q
s

psq “ V
R,i

d{q
s

1 ` sT
n,i

d{q
s

sT
n,i

d{q
s

(16)

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

[3]):

Controller gain: V
R,i

d{q
s

“
T
d{q
s Rs

2Tdt
rΩs

Controller time constant: T
n,i

d{q
s

“ T d{qs rss
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Current control (linear system)
Closed-loop system: PI controller, VSI (approximation) & linear RSM

V
R,i

d{q
s

T
n,i

d{q
s

u
d{q
s,comp

i
d{q
s,ref

u
d{q
s,dist

´

´

u
d{q
s,ref u

d{q
s i

d{q
s

1 Tdt
1
Rs

T
d{q
s
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Current control (nonlinear system)
Nonlinear (real) RSM: Flux map

Assumption 2

ψks is a nonlinear function of the stator currents iks . Then:

Lks piks q ‰ const. and ψks piks q (17)
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Current control (nonlinear system)
Nonlinear (real) RSM: Inductances
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i
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Figure: Self inductances
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Current control (nonlinear system)
Nonlinear (real) RSM: Inductances
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Figure: Cross-coupling inductances
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Current control (nonlinear system)
Nonlinear (real) RSM: State-dependent parameters

‚ Auxiliary inductances Lds,aux and Lqs,aux become state-dependent

Ld{q
s,aux “

L
qq{dd
s

Ldds L
qq
s ´ L

dq
s L

qd
s

ñ Ld{q
s,auxpiks q “

L
qq{dd
s piks q

Ldds piks qLqqs piks q ´ L
dq
s piks qLqds piks q

‚ Time constant T
d{q
s becomes state-dependent

T d{qs “
L
d{q
s,aux

Rs
ñ T d{qs piks q :“

L
d{q
s,auxpiks q

Rs

ñ 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 ă Tctrl ! 1 rss is sufficiently small, such that

@τ P rt´ Tctrl, ts : Lks piks pτqq :“ Lks pt´ Tctrlq “ const. (18)

ñ Update of the controller parameters in each sampling step:

Controller gain: V
R,i

d{q
s

piks q “
T
d{q
s piks qRs
2Tdt

“
L
d{q
s,auxpiks q

2Tdt
rΩs

Controller time constant: T
n,i

d{q
s

piks q “ T d{qs piks q “
L
d{q
s,auxpiks q

Rs
rss
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Simulation results (9.6 kW RSM)
Nonlinear (real) RSM: Nonlinear PI current control with online adjustment of parameters
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Figure: Nonlinear PI current control with inverter approximation as first-order lag system

26.03.2015 “Nonlinear control of reluctance synchronous machines”, C. Hackl 21/27



CRES
Control of renewable energy systems Technische Universität München

Simulation results (9.6 kW RSM)
Nonlinear (real) RSM: Nonlinear PI current control with online adjustment of parameters

´20

0

20

[A
]

i
d
s i

d
s,ref

0 0,02 0,04 0,06 0,08 0,1

´20

0

20

time t [s]

[A
]

i
q

s i
q

s,ref

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

1 Motivation

2 Generic (fundamental) model of RSM

3 Nonlinear PI current control of RSMs (model-based [1])

4 Current PI-funnel control of RSMs (model-free)

26.03.2015 “Nonlinear control of reluctance synchronous machines”, C. Hackl 21/27



CRES
Control of renewable energy systems Technische Universität München

Principle idea of funnel control
Nonlinear (real) RSM: Prescribed transient current accuracy

‖ep¨q‖

‖ep0q‖
ψp¨q “ BFψp¨q

ψp0q

‖eptq‖

ψptq

λ

t

performance funnel Fψ

time rss

Funnel controller:

ufcptq “ kptqeptq (19)

where

‚ eptq “ pedsptq, eqsptqqJ “ iks,refptq ´ iks ptq

‚ kptq “
1

ψptq ´ ‖eptq‖
ě

1

ψptq
with ‖eptq‖ “

a

edsptq2 ` e
q
sptq2
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PI with anti-windup
Nonlinear (real) RSM: PI controller with anti-windup implementation

1

e
(19)

ufc

kp

ki

ξ9ξ

uk
s,ref

satû

fawp¨q

uk
s

‖¨‖

d
dt
ξptq “ faw

´

ξptq ` kp ufcptq
¯

ki ufcptq,

uks,refptq “ ξptq ` kp ufcptq, ξp0q “ ξ0 P R
n

where kp ą 0, ki ě 0.

,

/

.

/

-

(20)
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Closed-loop system for simulation
Nonlinear (real) RSM: Simulation environment

rotor

stator

i
k
s,ref

i
k
s i

s
s

i
abc
s “ pias , ibs , i

c
s qJ

ωk
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ş

ωk dt

u
k
s,ref u
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s

u
s
s,ref u
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s,ref

uDC
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αβ
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dq
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PWM power elect.

VSI
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transform.
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Simulation results (1.1 kW RSM)
Nonlinear (real) RSM: PI-funnel control FC, FC+PI and FC+PIaw
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Simulation results (1.1 kW RSM)
Nonlinear (real) RSM: PI-funnel control FC, FC+PI and FC+PIaw
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