
 
 

Delft University of Technology

Surge motion-induced dynamic inflow effects in floating offshore wind turbines
A State Prediction Model
Meng, Qingshen; Yu, Wei

DOI
10.1088/1742-6596/2767/6/062018
Publication date
2024
Document Version
Final published version
Published in
Journal of Physics: Conference Series

Citation (APA)
Meng, Q., & Yu, W. (2024). Surge motion-induced dynamic inflow effects in floating offshore wind turbines:
A State Prediction Model. Journal of Physics: Conference Series, 2767(6), Article 062018.
https://doi.org/10.1088/1742-6596/2767/6/062018

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1088/1742-6596/2767/6/062018
https://doi.org/10.1088/1742-6596/2767/6/062018


Journal of Physics: Conference
Series

     

PAPER • OPEN ACCESS

Surge motion-induced dynamic inflow effects in
floating offshore wind turbines: A State Prediction
Model
To cite this article: Qingshen Meng and Wei Yu 2024 J. Phys.: Conf. Ser. 2767 062018

 

View the article online for updates and enhancements.

You may also like
Experimental investigation of the unsteady
aerodynamics of FOWT through PIV and
hot-wire wake measurements
I. Bayati, L. Bernini, A. Zanotti et al.

-

A parametric optimization approach for the
initial design of FOWT’s substructure and
moorings in Brazilian deep-water fields
Jordi Mas-Soler, Giovanni A. do Amaral,
Luccas Z. M. da Silva et al.

-

Nonlinear wave effects on dynamic
responses of a semisubmersible floating
offshore wind turbine in the intermediate
water
Jia Pan and Takeshi Ishihara

-

This content was downloaded from IP address 154.59.124.113 on 02/07/2024 at 12:14

https://doi.org/10.1088/1742-6596/2767/6/062018
https://iopscience.iop.org/article/10.1088/1742-6596/1037/5/052024
https://iopscience.iop.org/article/10.1088/1742-6596/1037/5/052024
https://iopscience.iop.org/article/10.1088/1742-6596/1037/5/052024
https://iopscience.iop.org/article/10.1088/1742-6596/2362/1/012025
https://iopscience.iop.org/article/10.1088/1742-6596/2362/1/012025
https://iopscience.iop.org/article/10.1088/1742-6596/2362/1/012025
https://iopscience.iop.org/article/10.1088/1742-6596/1037/2/022037
https://iopscience.iop.org/article/10.1088/1742-6596/1037/2/022037
https://iopscience.iop.org/article/10.1088/1742-6596/1037/2/022037
https://iopscience.iop.org/article/10.1088/1742-6596/1037/2/022037
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsujE9xClw35h2pe2Jm_LrfAA5Tuqw7wezp1U0lV4VT7DDb0wrpaBtvoSMV7kyAweRah7pMQtR1tWV_T2tW-HNNu7BGy3NE36IuYlHx-rOjympzCxy1lLmlMk3adI3Mdb_K-3xEf7RigAF6y21umwVx4_8mydF8NFENgFTWUIAvFjxp3JhxlMAasUVtM4r3jENzXvo_quMjrhdoUzz_WRMn_tJBjyMVFU_42JmBF4NxxlIsjA4utcZG2PTzIwzgiyM5cFH9UINA9R6nRAF1xSNN0f7tnmwv1ppx1RbAGmdvKC7m_ImBAJY1oqsdvGmFZeNoOXTmPViK_RN29-Sq9TL0IsOBCCzeq&sig=Cg0ArKJSzLvEJQKsfxex&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/prime2024/registration/%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_prime_early_reg%26utm_id%3DIOP%2BPRiME%2BEarly%2BRegistration


Content from this work may be used under the terms of the Creative Commons Attribution 4.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

The Science of Making Torque from Wind (TORQUE 2024)
Journal of Physics: Conference Series 2767 (2024) 062018

IOP Publishing
doi:10.1088/1742-6596/2767/6/062018

1

Sur mot on- n u yn m n ow ts n

o t n o s or w n tur n s: A St t Pr t on

Mo l

Qingshen Meng, Wei Yu

Wind Energy Section, Flow Physics and Technology, Faculty of Aerospace Engineering, Delft
University of Technology, Kluyverweg 1, Delft, 2629HS, Netherlands

E-mail: Q.S.Meng@tudelft.nl, W.Yu@tudelft.nl

Abstract. The impact of surge motion on aerodynamic unsteadiness in modern oating
o shore wind turbines (FOWT) is a well-recognized phenomenon. When coupled with advanced
controllers integrated into these turbines, it can lead to uctuations in power output. This
paper introduces a state-space model that incorporates dynamic in ow e ects resulting from
surge motion and a PID pitch controller. Additionally, an observation equation is formulated
to predict the system power output. Through time series validations, the proposed state-
space model demonstrates its ability to accurately capture power responses in uenced by surge
motions. The developed model serves as a valuable tool for the comprehensive analysis of
FOWT, allowing for the exploration of the intricate interplay between unsteady aerodynamics,
advanced control mechanisms, and power output.

1. Introduction
Amid rising energy demand and limited land, FOWT has gained focus on the existing
alternatives in energy capturing. Yet, FOWT advancement faces inevitable challenges,
particularly in power and movement control and state prediction [1]. Due to the complicated
movements of FOWT caused by unpredictable wave and wind states, the power and load outputs
can uctuate [2], while wave dynamics, steady and unsteady aerodynamics, as well as advanced
control, can participate in this process. In which the topic of dynamic in ow is becoming
popular, especially when the FOWT is in surge motion. Experimental [3] and high- delity
simulation [4] investigations are conducted by some researchers successively, revealing some
interesting phenomena di erent from bottom xed wind turbines. Besides, an analytical model
is also given by Ref. [5] and is implemented in the typical Blade Element Momentum (BEM)
theory. PID controller is generally adopted as the core module to regulate the rotor power
output [2]. However, when it comes to the PID controller design and parameter optimization,
the in uence of steady and unsteady aerodynamics remains unable to be fully included [6]; this
insu ciency could be placed in a prominent position. Better state prediction has also been
a major concern in the past several years, for which power and loads are vital. Power and
loads can be predicted utilizing the BEM theory with satisfying accuracy [7]. However, it fails
to analyze the intrinsic mechanism between the FOWT motions, aerodynamic unsteadiness,
advanced controller, and power production analytically. More deeply, some potential scienti c
issues are still unexplored, such as how the actuator disk in uences the pitching ratio and power
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production of the rotor, and inversely, how the pitching ratio in uences the actuator disk, etc.,
and the current tool cannot perform these analyses. The above-mentioned issues prove the
demand for a to-be-developed integrated model with explicit expressions.

This paper aims to develop an analytical model that can combine platform surge movement,
dynamic in ow e ect, and advanced PID pitch controller, as well as power production, within
the state space framework. These aspects are typically assembled with nonlinear and implicit
expressions, proving the potential and rationality of gluing up. A step forward, once these
blocks are linearized into state space, their collaboration still seems to be reliable and even more
straightforward, which encourages us to develop such a model. This model enables revealing
the relation between these di erent aspects through o -diagonal elements in matrices, which
can provide a novel insight into oating wind turbine dynamics. Previous nonlinear dynamic
models are unable to achieve this quantitatively. From the perspective of mathematics, the
model proposed in this paper successfully introduces both controller and dynamic in ow into
state space simultaneously for the rst time.

2. Model development
This section is dedicated to presenting the foundational theory underlying the PID controller
and dynamic in ow model, alongside their respective linearizations. Additionally, an observation
equation will be formulated to monitor the states of the FOWT. These individual equations are
nally integrated within the state-space expression.

2.1. PID ontroll r n lin riz tion
2.1.1. PID ontroll r r

The PID pitch controller employed in this study incorporates the benchmark model
documented by the National Renewable Energy Laboratory [8], speci cally developed for a
5MW wind turbine. Due to the linearization objectives, certain adjustments will be introduced.

The equation of motion for drivetrain degree of freedom can typically be given as:

= (Taero NgearMgen) Irx = L1 (1)

in which Irx is the inertia combines the rotor(Irotor) and generator(Igen):

Irx = Irotro +N2
gearIgen (2)

besides, Taero is the aerodynamic torque due to the spinning of the rotor: Taero =
R
0 r · dS, r

is the radius of an element and dS is the tangential force originating the torque. Mgen is the
torque of the high-speed shaft of the generator, it’s assembled by timing the gear ratio Ngear.

Applying a traditional PID pitch controller, for which the target pitch angle t can be
determined using the following equation:

t = KPNgear +KINgear

t

0
dt+KDNgear (3)

Eq.3 can be further expanded as:

t = KPNgear ( 0) +KINgear ( 0t) + 0

= KPNgear +KINgear KPNgear 0 1 +
KI

KP
t

(4)

We assume that the target pitch angle should be completed within time step t, thus

=
t
=

t

t
=

1

t
t

1

t
(5)
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with being the pitch angle at the current time step.
Now isert Eq.4 into Eq.5, and the nal mathematic expression can be drawn as:

=
1

t
KPNgear +

1

t
KINgear

1

t

1

t
KPNgear 0 1 +

KI

KP
t = L3 (6)

Furthermore, by the geometric relationship, the rst derivative of azimuth, denoted as , can
be explicitly de ned as:

= = L2 (7)

2.1.2. Lin riz tion r
Notably, it should be observed that the parameters in Eq. 1 encapsulate variables implicitly:

Taero = Taero ( , , uact, Usurge) , Mgen = Mgen ( ) (8)

in which uact, Usurge represent actuator disk and platform surge velocity, respectively.
Therefore, the aforementioned equation can be extended through the utilization of a rst-

order Taylor’s expansion, resulting in:

L1
+

L1
+

L1

uact,0
uact

L1

Usurge,0
Usurge

=

L3
+

L3
+

L3
+

L3

t
t

(9)

The partial derivatives can be further expressed in the following equations:

L1
=

1

Irx
Nb

R

0

r
dS

Ngear
Mgen

,
L1

=
1

Irx
Nb

R

0

r
dS

L1

uact,0
=

1

Irx
Nb

R

0

r
dS

uact,0
,

L1

Usurge,0
=

1

Irx
Nb

R

0

r
dS

Usurge,0

L3
=

1

t
KPNgear,

L3
=

1

t
KINgear,

L3
=

1

t

(10)

Several items necessitate further derivation: dS , dS , dS
uact,0

, dS
Usurge,0

, and
Mgen . Notably,

the latter,
Mgen , signi es the slope depicted in the diagram in Fig.1. A comprehensive derivation

for the rest items is provided in Appendix A.

2.2. Dyn mi in ow n in rin mo l n lin riz tion
2.2.1. Dyn mi in ow n in rin mo l r

The engineering dynamic in ow model developed speci cally for a FOWT in surge motion [5]
was implemented in this manuscript:

U ref (k) = U ref (k 1)ef + (U Usurge) 1 ef

uact(k) = uact(k 1)e
t

act1 + uqs 1 e
t

act2

ustr(k) = ustr(k 1)e
t

str + uqs 1 e
t

str

(11)

in which U ref is the reference unperturbed velocity of the wind used in the actuator disc model,
uact is induction velocity at the location of the actuator, and ustr is the stream tube induction
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Figure 1: Determination of
Mgen

velocity. In addition, U represents the incoming wind speed from the far eld. The other
variable de nitions in the above equation can be found in Ref [5].

As the PID controller and structural dynamics are generally written in continuous state space
format [9], the equation above can be further transferred into a continuous expression. Using
Z transformation, the equations can be transferred into Z domain, and then using the relation
Z 1 = 1 S t to rewrite the equations into S domain, and nally using the inverse Laplace
transformation to rewrite the equation into continuous format as:

U ref (t) =
1

t
1 e f U ref (t) +

1

t
e f 1 (U Usurge) = F1

uact(t) =
1

t
1 e

t

act1 uact(t) +
1

t
e

t

act1 1 e
t

act2 uqs = F2

ustr(t) =
1

t
1 e

t

str ustr(t) +
1

t
e

t

str 1 uqs = F3

(12)

2.2.2. Lin riz tion r
Performing the linearization step by step, and assuming the time step is small enough, we

can thus utilize the rst-order Taylor’s expansion for linearization:

U ref (t)
F1

U ref
U ref +

F1

Usurge
Usurge

uact(t)
F2

U ref
U ref +

F2

uact
uact +

F2

ustr
ustr +

F2

Usurge
Usurge +

F2
+

F2

ustr(t)
F3

U ref
U ref +

F3

uact
uact +

F3

ustr
ustr +

F3
+

F3

(13)

The partial derivatives that appear above require further derivation. However, due to
constraints on the page, the detailed derivations are omitted. Nevertheless, the nal expressions
for these derivatives are provided in Appendix B.

2.3. O s rv tion qu tion
The parameters under surveillance encompass critical aspects such as power output, thrust,
torque, etc. Among these, power output holds particular signi cance and is observed by the
following equation:

P = ·Mgen · 0 +

n

i=1

i ·Ngear (14)
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where represents the e ciency factor, which accommodates for energy losses in the drive chain
and is assumed to be 0.94. Furthermore, Ngear stands for the gear ratio, with a speci c value of
97 for the 5MW model.

2.4. Expr ssions in st t sp
As a result of the aforementioned derivations, the PID pitch controller and dynamic in ow model
have been systematically linearized, and their expressions are assembled in Eq.15. Within this
equation, the speed variation of surge motion is considered as one of the inputs, with KINgear 0

representing the time-independent input. The matrix elements clarify the interactions among
di erent variables.

U ref
uact
ustr

=

L1 0
L1 0

L1
uact,0

0

1 0 0 0 0 0
L3 L3 L3 0 0 0

0 0 0
F1

U ref
0 0

F2 0
F2 F2

U ref

F2
uact

F2
ustr

F3 0
F3 F3

U ref

F3
uact

F3
ustr

U ref
uact
ustr

+

L1
Usurge,0

0

0 0
0 1
F1

Usurge
0

F2
Usurge

0

0 0

Usurge
KINgear 0

(15)

3. Results and discussion
3.1. PID ontroll r n yn mi in ow v ri tion
This section is to validate the PID controller and the continuous-form state-space dynamic in ow
model. Firstly, state-space PID controller(Eq.1,6,and 7) is veri ed using a time domain test,
as shown in Fig.2a, the power keeps stable relying on the controller, which can account for the
e ectiveness of the PID controller in regulating the power. In addition, uctuation in Fig.2a is
induced by surge motion.

As shown in Eq.11 and 12, two expressions of the dynamic in ow model are given, and if
given an excitation, their results of uact are shown in Fig.2b, of which the solid line in blue
corresponds to the Eq.11 from Ref. [5], while the dashed line in red represents the response
based on Eq.12 proposed in this paper. Results con rm the accuracy of the proposed dynamic
in ow model with state-space formula.

(a) (b)

Figure 2: Validations:(a) Validation of PID controller in state space; (b) Validating the
continuous state space formulation of dynamic in ow(dashed red line) against Ref. [5] (solid
blue line)
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Figure 3: Validation of state space fomulation under various platform surge movements: T = 5s,
A = 1, 2, and 2 5m

Figure 4: Validation of state space fomulation under various platform surge movements: A = 2m,
T = 2, 5, and 10s

3.2. Mo l v ri tion on int r t st t -sp mo l
This section presents a bunch of results to validate the proposed overall linear model and
methodology provided in Section 2.4. Several cases are designed to observe the accuracy and
capability of predicting power outputs. The in ow wind speed is given as 15m/s(Region 3 in
Fig.1), and a sinusoidal vibration of platform surge motion is de ned as: A sin t, where A is
chosen as 0.5, 2, and 2.5m; = 2 T , and T = 5s. The resulting time series power and induction
velocity data are shown in Fig.3. From this, we can observe that a satisfying agreement has
been achieved. Identifying the accuracy of the state-space model in predicting the FOWT states
under di erent surge movement amplitudes.

Conversely, to con rm the accuracy of the proposed state-space model under di erent surge
motion frequencies, several tests are conducted, with the amplitude of surge oscillation A as 2m
and the oscillation periods T designed as 2, 5, and 10s. Their nal simulation data is shown
in Fig.4, results con rm the model’s ability to predict the power outputs under di erent surge
frequencies, and the higher the frequency, the more accurate the linear model is, especially in
the dynamic induction prediction.

In general, with the increase in oscillation amplitude A and period T , errors in both
amplitudes and phases increase simultaneously.
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3.3. Prosp t
Although the nonlinear wind turbine dynamic model can provide more accurate results and
can deal with more complicated circumstances, the linearized one in state space remains
irreplaceable. The proposed state-space model is expected to answer some of the scienti c
questions mentioned in the introduction and is favorable to providing novel insight into PID
performance enhancement considering aerodynamic unsteadiness.

4. Conclusion
This paper rst introduces a widely used nonlinear PID pitch controller model and linearizes
this model employing rst-order Taylor’s expansion. A time-discrete version of the dynamic
in ow model accounting for large surge motion-caused aerodynamic unsteadiness is further
introduced. Moreover, the introduced dynamic in ow model is transferred into the time-
continuous format and is nally linearized step by step using Taylor’s expansion. The proposed
equations are ultimately assembled in state space, and their capability and accuracy have been
validated through time-domain data. The uctuation of power output and dynamic induction
due to platform surge oscillation, speci cally both the amplitude and phase can achieve decent
agreement with the nonlinear version. However, the discrepancy increases with the increase in
surge speed uctuations.

The newly developed state-space model enables mechanism investigation of the interactions
between the pitch controller and the unsteadiness of aerodynamics, which will be further
explored. However, the work in this manuscript is still very preliminary and far from any
eld veri cation.
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Appendix A
Derivation of partial derivatives in PID controller:

Firstly write down the dS:

dS( , , uact, Usurge) =
1

2
c (U uact Usurge)

2 + (r )
2
(1 + a )

2
Ctdr (16)

or

dS( , , uact, Usurge) =
1

2
c U2 (1 a)2 + U2

surge 2UsurgeU (1 a) + (r )
2
(1 + a )

2
Ctdr (17)
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in which, Ct = Ct( , , uact, Usurge)
similarly, dT can be also given as:

dT ( , , uact, Usurge) =
1

2
c U2 (1 a)2 + U2

surge 2UsurgeU (1 a) + (r )
2
(1 + a )

2
Cndr (18)

where, Cn = Cn( , , uact, Usurge)
besides, induction factors are provided as:

a =
1

4 sin2

Cn
+ 1

, a =
1

4 sin cos
Ct

1
(19)

and force coe cients in two orthogonal directions can be projected as:

Ct = Cl sin Cd cos , Cn = Cl cos + Cd sin (20)

where Cl and Cd is the lift and drag coe cients respectively, and considering the FOWT platform
velocity:

tan =
U (1 a) Usurge

r (1 + a )
=

U uact Usurge

r (1 + a )
(21)

Firstly, (dS)
Usurge

can be written as

(dS)

Usurge
=

1

2
c · dr · V 2

Rel

Usurge
Ct + V 2

Rel

Ct

Usurge
(22)

Similarly,

(dS)

uact
=

1

2
c · dr · V 2

Rel

uact
Ct + V 2

Rel

Ct

uact
,

(dS)
=

1

2
c · dr · V 2

Rel Ct + V 2
Rel

Ct

(dS)
=

1

2
c · dr · V 2

Rel Ct + V 2
Rel

Ct

(23)

besides,

(dT )
=

1

2
c · dr · V 2

Rel Cn + V 2
Rel

Cn
,

(dT )
=

1

2
c · dr · V 2

Rel Cn + V 2
Rel

Cn
(24)

Thus, items to be derived can be listed as:
(V 2

Rel)
Usurge

,
(V 2

Rel)
uact

,
(V 2

Rel) ,
(V 2

Rel) , Ct
Usurge

, Ct
uact

, Ct ,
Ct , Cn , Cn

Relative wind speed is expressed:

V 2
Rel = U2 (1 a)2 + U2

surge 2UsurgeU (1 a) + (r )
2
(1 + a )

2

= (U uact Usurge)
2 + (r )

2
(1 + a )

2
(25)

The expression for above-mentioned terms can be expressed as follows:

V 2
Rel

Usurge
= 2Usurge 2U (1 a) + 2 UsurgeU U2 (1 a)

a

Usurge
+ 2r2 2 (1 + a )

a

Usurge

V 2
Rel

uact
= 2(U uact Usurge)

V 2
Rel = 2U2 (1 a)

a
+ 2UsurgeU

a
+ 2r2 (1 + a )

2
+ 2r2 2 (1 + a )

a

V 2
Rel = 2U2 (1 a)

a
+ 2UsurgeU

a
+ 2r2 2 (1 + a )

a

(26)



The Science of Making Torque from Wind (TORQUE 2024)
Journal of Physics: Conference Series 2767 (2024) 062018

IOP Publishing
doi:10.1088/1742-6596/2767/6/062018

9

in which,

a

Usurge
=

da

d
·

Usurge
,

a

Usurge
=

da

d
·

Usurge
,

a
=

da

d
· ,

a
=

da

d
·

a
=

a

Cn

Cn
=

a

Cn

Cl
cos +

Cd
sin

a
=

a

Ct

Ct
=

a

Ct

Cl
sin

Cd
cos

(27)

where da
d and da

d can be determined from as:

da

d
=

4 sin 2 Cn
dCn

d sin2

C2
n

4 sin2

Cn
+ 1

2 ,
da

d
=

4 cos 2 Ct
dCt

d sin cos

C2
t

4 sin cos
Ct

1
2 (28)

The expressions for Usurge
and can be found from above equations using:

(tan · r (1 + a ))

Usurge
=

(U (1 a))

Usurge
1 (29)

expand the equation above,

Usurge
sec2 · r (1 + a ) + tan · r a

+ U
a

= 1 (30)

and,

d 1 a
1+a

d
cot

1

sin2
· 1 a

1 + a
=

r

U
(31)

where
d 1+a

1 a

d =
da
d

(1 a)+ da
d

(1+a )

(1 a)2
.

Additionally,

a

Cn
=

4 sin2

Cn
+ 1

2
4 sin2 1

C2
n

,
a

Ct
=

4 sin cos

Ct
1

2
4 sin cos 1

C2
t

(32)

A second set of derivatives are:

Ct

Usurge
=

Ct

Usurge
,

Ct

uact
=

Ct

uact
,

Ct
=

Ct

Ct
=

Ct
,

Cn
=

Cn
,

Cn
=

Cn
(33)

in which,
dCt

d
=

Cl
sin

Cd
cos + Cl cos + Cd sin

dCn

d
=

Cl
cos +

Cd
sin Cl sin + Cd cos

(34)

and,
(tan · r (1 + a ))

uact
= 1 (35)

expand,

uact
sec2 · r (1 + a ) + tan · r a

= 1 (36)



The Science of Making Torque from Wind (TORQUE 2024)
Journal of Physics: Conference Series 2767 (2024) 062018

IOP Publishing
doi:10.1088/1742-6596/2767/6/062018

10

Appendix B
Partial derivatives in dynamic in ow model:

F1

U ref
= (U Usurge0 U ref0) e

f0L 1
str +

1

t
1 e f0 (37)

F1

Usurge
=

1

t
e f0 1 (38)

F2

U ref
=

1

t
e

t

act10 1 e
t

act20
CT0U

2

4
U 2
str0 + e

t

act10 uqs0e
t

act20
1

Lact
(39)

F2

uact
=

1

t
1 e

t

act10
1

2
1 e

t

act20 uqs0 uact0(t) e
t

act10
1

Lact

1

2
e

t

act10 uqs0e
t

act20
1

Lact
+

1

2 t
e

t

act10 1 e
t

act20
CT0U

2

4
U 2
str0

(40)

F2

ustr
=

1

2 t
e

t

act10 1 e
t

act20
CT0U

2

4
U 2
str0 (41)

F2

Usurge
= 1 e

t

act20 uqs0 uact0(t) e
t

act10
1

Lact
(42)

F2
= {A+B + C}

R

0

a
+

1

t
e

t

act10 1 e
t

act20
U2

4

1

Ustr0

2

U2
ref0 R2

R

0

dT

A =
U

2Lact
1 e

t

act20 uqs0 uact0(t) e
t

act10 , B =
U

t
1 e

t

act10
U

2Lact
e

t

act10

t

act20 uqs0

C =
1

t
e

t

act10 1 e
t

act20
CT0U

2

4
U 2
str0

U

2
(43)

F2
= {A+B + C}

R

0

a
+

1

t
e

t

act10 1 e
t

act20
U2

4

1

Ustr0

2

U2
ref0 R2

R

0

dT
(44)

F3

U ref
= (uqs0 ustr0(t)) e

t

str0
1

Lstr

1

t
e

t

str0 1
CT0U

2

4
U 2
str0 (45)

F3

uact
= (uqs0 ustr0(t)) e

t

str0
1

2Lstr
+

1

2 t
e

t

str0 1
CT0U

2

4
U 2
str0 (46)

F3

ustr
=

1

t
1 e

t

str0 +
1

2 t
e

t

str0 1
CT0U

2

4
U 2
str0 (47)

F3
= (uqs0 ustr0(t)) e

t

str0
U

2Lstr

R

0

a

+
1

t
e

t

str0 1
U2

4

1

Ustr0

2

U2
ref0 R2

R

0

dT
+

CT0U
3

8
U 2
str0

R

0

a
(48)

F3
= (uqs0 ustr0(t)) e

t

str0
U

2Lstr

R

0

a

+
1

t
e

t

str0 1
U2

4

1

Ustr0

2

U2
ref0 R2

R

0

dT
+

CT0U
3

8
U 2
str0

R

0

a
(49)

The ’0’ in the subscript of the above formulas represents the variable value of the previous
iteration.


