International Journal of Control and Automation
Vol. 10, No. 1 (2017), pp.23-36
http//dx.doi.org/10.14257/ijca.2017.10.1.03

Coordination Control of FSCWT for Enhancing LVRT Capability
Using Hierarchical Multi-object Predictive Strategy

Hongwei Li* and Haiying Dong

School of Automation and Electrical Engineering, Lanzhou Jiaotong University
lihongwei@mail.lzjtu.cn*, hydong@mail.lzjtu.cn

Abstract

This paper presents a coordinated approach for enhancing the low voltage ride
through capability of the front-end speed controlled wind turbine (FSCWT) with a
hierarchical multi-object predictive strategy applied. The hierarchical multi-object
predictive strategy has the ability not only to handle the nonlinearities existed in the pitch
control, excitation control and speed regulation processes, but also can avoid the
shortcomings of weighted coefficient method and lexicographic method during the
process of multi-objective dynamic optimization. The proposed method is realized using
the improved genetic algorithm. Simulations are conducted to verify the effectiveness of
the coordination control scheme with the proposed method. Simulation results show that
the proposed method can enhance the LVRT capability greatly when compare with
conventional voltage control approach, the output power and the rotor speed are also
optimized during the coordination process.

Keywords: Coordination; low voltage ride though; multi-object predictive strategy;
front-end speed control wind turbine

1. Introduction

Facing with the ever-increasing amount of grid-connected wind turbines and
publication of different grid codes for wind turbines (WTSs), it is essential to promote
control technologies of WT to meet such requirements. Among all, the low voltage ride
through (LVRT) capability is of the greatest importance that affects the stability and
safety of WT or/and even the entire system.

As the majority of grid-connected wind turbines are doubly-fed induction generators
(DFIGs) with converters used, high penetration levels of wind power have result in great
influences on the operation of the grid it integrated [1, 2]. To fulfill the LVRT
requirements, rotor side of DFIG would overcurrent in the case when the grid voltage
sagged [3], the rapid increasing of current in rotor side, at the same time, would lead to
DC side voltage of the excitation converter soar and finally causes an oscillation of the
current, and both the active and reactive power of the converter [4, 5]. Current strategies
for coping with LVRT problems are mainly focus on rotor side protection with crowbar,
new converter topology developing and advanced excitation algorithms applying.
However, to help the WTs with DFIGs to ride through a low voltage once these measures
applied, the total costs as well as the control complexity would be increased in certain
extent [6, 7]. Furthermore, regular short-circuit protection would result in a flowing of
reactive power from grid to WT side during voltage sagging [8].

Compared with WTs with DFIGs, the front-end speed controlled wind turbines
(FSCWT) proposed in this paper, employs a hydro-dynamic controlled gearbox instead of
the electrical inverter and directly connected to grid by an electrically excited
synchronous generator (EESG) with rated voltage up to 10kV without any transformer
used, which was presented in Figure 1 [9]. Due to the adoption of new drivetrain, the
main aim of the control system is to adjust the speed and torque of the torque converter
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WinDrive, therefore to cooperate with the pitch controller and the excitation controller
and finally guarantee the turbine works with maximum efficiency and high power quality,
especially the LVRT capability during severe faults.
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Figure 1. Front-end Speed Controlled Wind Turbine

In this paper, a coordinated strategy for obtain technically justified LVRT requirements
of FSCWT based on system characteristics is proposed. The objective is to ensure an
efficient operation during normal operation and meet the LVRT requirements for WTs.
Thus, helps to obtain a reliable and safe operation once grid faults happened. The rest of
this paper is organized as follows. Section Il introduces the operation principle of FSCWT
in different operation zone under Chinese grid connection requirements. In Section Ill, a
hierarchical strategy for LVRT control under different operation conditions is presented.
Section IV implements how the proposed strategy works for obtaining a coordination of
the variable pitch as well as the torque control of FSCWT. Simulations on a local network
technically justified LVRT requirements for FSCWT are conducted, the results obtained
by the application of the proposed approach are presented in Section V. Finally, the
conclusions are given in Section VI.

2. Operation Principle of FSCWT

Generally, the LVRT of WT that installed with DFIG is realized by pitch control,
converter control and power factor (PF) control. Among all, the LVRT control strategy
for FSCWT is the most complex, which needs the pitch control, the guide vane control
(namely, torque and speed control of WinDrive ), and the excitation control to cooperate
with each other. In the first stage (shown as the operation zone I in Figure 2), the rotation
speed of wind rotor stays at a relatively low value while the wind speed just below a cut-
in speed. In this stage, the guide vane control plays as a main role in accelerating the main
shaft speed. In the second stage, as the main shaft speed reaches near a synchro-speed, it
would be the time for grid connection. At the same time, the excitation controller would
be activated. After WT connected to the grid, the turbine would work in a power optimal
stage, namely in the operation zone Ill. During this period, the pitch controller and guide
vane controller are coordinated to achieve an optimal control of captured power. When
the rotor speed w reaches near rated level wg, the WT would work in a speed control
mode in zone IV until the output power grows near a rated level Pg. After that, the turbine
would operate in zone V for power control.

In reality, the WT usually works in operation zone Il to V as wind speed always varies
from a cut-in speed to a rated level. As is shown in Figure 2, the pitch controller, the
guide vane controller and the excitation controller almost work together all the time. To
obtain maximum power under synchro-speed and meet LVRT requirements under special
circumstances, it is needed for the coordinated controller to balance between pitch control,
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torque control and excitation control for realizing such objective.
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Figure 2. Speed-Power Curve and Operation Zone of FSCWT

During operation process, the pitch controller acts as an auxiliary unit of WT for
realizing LVRT in high wind speed. Meanwhile, the guide vane controller functions as a
damper to absorb or release part of the energy released by WinDrive during wind speed
variation or severe faults happened in the grid-side. Thus, the imbalance between
electromagnetic power of gird-side and mechanical power from wind rotor can be reduced.
At the same time, the excitation controller regulates the excitation current according to the
variation of the terminal voltage of the EESG and keeps it to a set value, and then
guarantees a dynamic and transient stability of the whole generation system in LVRT
process.

During voltage sagging, all the three subsystems, namely the pitch control system, the
guide vane control system and the excitation system, can reduce the power imbalance of
electromagnetic power and mechanical power. The pitch control and guide vane control
mainly works to decrease the input mechanical power of the prime turbine while the
excitation control functions to increase the electromagnetic power. Therefore, it is the
combination of the three systems that make it possibly for FSCWT to realize LVRT.

3. LVRT Control Strategy for FSCWT

Generally, the safe operation and the condition monitoring would be done by the main
controller, for FSCWT, which needed coordination of the pitch control, the guide vane
control and the excitation control under different wind speed, terminal voltage or
operation state of the turbine. Thus, coordination control was needed especially in the
LVRT control process.

3.1. LVRT Requirements for Wind Turbines

To ensure a safe and stable operation of the WTSs, various grid codes have been drawn
up by power utilities as well as power administrative department [10-13], which consist of
requirements for WTs or/and wind farms. The requirements for LVRT performance of
E.ON in Germany and Sate Grid of China were presented in Figure 3.
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Figure 3. Requirements on LVRT for Wind Turbine of Different Grid Codes

The State Grid codes defined that every WT connected to power grid must fulfill the
LVRT requirements donated as red solid line in Figure 3. When the voltage of the grid-
side fallen to 20% of the rated voltage as transient faults happened in grid-side, the WTs
must keep in a grid-connection state for at least 625ms and generate reactive power to the
grid-side to assist the voltage recovery. Once the fault was cleared, the point of common
coupling (PCC) voltage should return to 90% of the rated value in 2s. In contrast, the grid
code of E.ON power utility was of higher requirements, which cleared the WT must
remain connected to power grid for 150ms during severe fault happen in grid-side even
the PCC voltage fallen to zero. Once the fault was cleared, the PCC voltage should get
back to 90% of the rated value in 1.5s.

3.2. Structure of the Coordination Controller

In order to guarantee the FSCWT meet the LVRT requirements, all subcomponent
should work together and cooperated with each other. Moreover, a LVRT controller was
needed to coordinate with the pitch controller, the guide vane controller and excitation
controller. Thus, a control scheme for LVRT control of FSCWT was proposed, which was
shown in Figure 4.
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Figure 4. Scheme of the Coordination Controller

During operation process, the PCC voltage was continuously detected by the safety
control system of the WT, and the detected signal was sent to LVRT controller online. If
the detected PCC voltage stays in a normal level, the pitch controller and guide vane
controller would operate in a normal state, which means the pitch angle and the guide
vane angle was given mainly depend on wind speed. Figure 5 and Figure 6 gives the pitch
angle and the guide vane angle calculation diagram. Considering the limitation of the
context, the procedures for pitch angle calculation would not be introduced in details. In
the first step for guide vane angle calculation, an operation zone would be selected
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according to the wind speed difference Av calculated from comparison with the measured
real time wind speed and the rated one, which consisting two situations:

1) If Av<0, namely the real time wind speed is less than the rated one, the WT would
work in operation zone 1V as shown in Figure 2 while the switch needed turn to the ‘2’ in
Figure 6. The given speed of the rotor wgs should be calculated by wind speed v and its
corresponding best tip speed ratio, which was compared with the measured rotor speed wg
and result in Awg as an input for guide vane controller.

2) If Av>0, the switch stays at ‘1’ while the WT works in operation zone Ill. Then the
rated wind speed was utilized as input variable for speed control of WT. However, no
matter the coordination controller works in operation zone Il or 1V, the EESG speed wg
and the pump wheel speed wp of WinDrive keep in a synchronous speed: wg=wp=1500
r/min. Meanwhile, the comparison result Awg of EESG speed wg and the set value wg was
used as another input of the guide vane controller (see in Figure 6).
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Figure 5. Pitch Angle Calculation Diagram
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Figure 6. Guide Vane Angle Calculation Diagram

However, once a low voltage signal was detected from PCC, the LVRT controller
would start to work. The pitch angle g and guide vane angle 6 no longer given by wind
speed variation, but decided by voltage detected from PCC as well as the difference of
mechanical power and the electromagnetic power. This relationship was shown in Figure
4. Moreover, the excitation voltage would also be regulated via LVRT controller, which
was in accordance with the control structure shown in Figure 1.

4. Hierarchical Multi-object Predictive Strategy

4.1. Hierarchical Multi-objective Genetic Algorithm

Without loss of generality, assuming the multi-objective optimization problem g={g.,
J2, -+, On} contains n objectives, and every objective g; (j=1, 2, ---, n) needed to be
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minimized. These objectives were sorted according to its relative importance in | (1<)
priorities. Thus, the optimization problem can be re-expressed as: G={G;, G, -+, G},
where, Gi=Xj4;g;; stands for the composite objective function of jth objective with ith
priority. The subscript of the objective G; also represents the relative importance of the ith
priority. According to [14], we can construct hierarchical multi-objective genetic
algorithm. Assuming for every composite objective function of G={G,, G,, ---, G}, there
exists a corresponding fitness function F;€[0,1] (1<i<l), and Fi=1 represents the objective
is completely satisfied. Introducing a set of dynamic coefficient
1i=1
8 =11 F=F,=---=F_ =1 2<i<1 (1)
0 otherwise

Thus, the fitness function of the multi-objective optimization problem can be donated
as

|
F=6F +6,F,++3F =2 dF (2)
i=1
In Equation (2), as the objective with the first priority is of the most importance, its
corresponding fitness functions F; needs to be taken into consideration all the time, and
fulfills ;=1 in Equation (1). Other fitness functions of the objectives with i" priority
would be considered, and at this time 6;=1, only if the objectives are of higher priorities.
As the fitness function is the only window for drawing the external information into
genetic algorithm in optimization process, corresponding hierarchical multi objective
genetic algorithm can be obtained by applying the fitness function of Equation (2).
Whereas, the encoding approach and the genetic operators which including crossover,
mutation, and selection can be selected automatically on the basis of actual situation of
the optimization problem.

4.2. Multi-Objective Predictive Controller Based On Hierarchical Genetic Algorithm

The multi-objective nonlinear controller corresponding to the above-mentioned genetic
algorithm [15] can be directly constructed, the solving steps of the control variables are:

1) Generating M solutions randomly within the scope of control variable constraint;

2) Generating M progenies using crossover and mutation, then selecting M solutions
with higher fitness from the 2M solution constituted of both parent solutions and progeny
ones as the new parent population. The evolution process will repeat until the conditions
for the termination of the evolutionary computation is fulfilled,;

3) Exporting the current solutions with the highest fitness after termination of
evolutionary computation, and donate the instant control variable of the current controller
as the corresponding control variable.

4.3. Model and Control Objectives of LVRT Controller

4.3.1. System Modeling

In order to analyze the dynamic characteristics of transmission system shown in Figure
1 simplistic, the driven train is equivalent to a multi-mass-block model [16, 17]. The
driven train presented in Figure 1 can be expressed as:

Jrwr =Ty =T, — Day, 3

where Jr and wg represent the inertia and rotation speed of the rotor, respectively. D is
the damping coefficient of the low speed shaft, and T is the torque of wind wheel.

To=R/ax = Cp (ﬂ,ﬂ)AVsp/Za)R
For the hydro-dynamic gearbox WinDrive, the dynamic equilibrium Equation [18] of
pump wheel and turbine shaft can be described as:
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(4)

where J; and J, stand for rotation inertia of the main shaft and the outer ring gear,
respectively. T, Ty, Tq, Tr, and Tg present the mechanic torque of the main shaft, pump
wheel, ring gear, turbine wheel and the EESG, respectively. According to the speed
relationships given in [18],
1+ iTq L
dr = 3 (g — gl @R ) (5)
Without taking the rotation inertia of high speed shaft into consideration, the dynamical
characteristics of the high speed shaft and the EESG can be described as:

Joas =T, —Tg —Ds5 (6)

{Jta')p =T,-T, T
Jyin =T, - T,

where irq is the speed ratios of turbine wheel and ring gear, and iy is the ratio of the
main shaft and ring gear, ig; is the ratio of the rotor and carrier. Jg is the rotor inertia of
EESG and Dg is the corresponding damping coefficient.

Consider a general plant of the synchronous generator in [19], as represented in Park’s
framework:

Ve = =Ry — pyy + o,

Vg = _Rsiq + Py, + oy

Ve = Py + Rl ()
0= py; + Ryl
0= py, + Ry,

where iy and iy are respectively the direct and transverse currents, ip and i are the
direct and transverse damper’s currents and i is the exciter current. yy and yq are the
stator total flux, s is the main field total flux. wp and wq are the direct and transverse
damper’s total flux. Rs, Rf are respectively the stator resistance and the main field
resistance, Rp and Rq are the damper’s resistances. w. is the electrical speed
corresponding to the time derivative of the stator electrical angle.

The power Equation of synchronous generator can be written as:

P, = [E; + (X - XDigig - R (ig +ig) (8)

where, P, is the electromagnetic power of EESG, E' is the transverse electromotive
force, Xy and X'y are respectively the direct resistances and transient resistance,
respectively.

By ignoring the damper winding response, the transient response of stator winding and
the effect on rotor speed variation, a simplified synchronous generator in Park’s
framework can be defined as:

Td’oEé =-E - E[; - (Xd - Xé)id
Vy =Ry + X I 9)
v, =—Rii, = X4y + E’
where, X, is the transverse resistances of EESG, and E" is the transient potential of
EESG. E; is the field potential. T 4 is the transient time constant of the d-axis.

Combined with (8) and (9), we can get a three order order excitation control model of
synchronous generator:
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d_E‘;:i 1 E’ _M|
dt Td,O ' Td’0 ! Tao ‘
dE;, ¢ 1 E, X X” cXy—cXy
T BB (i ),
dt T Too  Too Tao Tao Tgo

(10)

14 X _ x ”n
dEd — i E(;’ + q
dt T T4
Ef . Ef + KPWM X ad .
., +31, (7, +3T)R;

Id

where Uc is the output voltage of excitation controller, ¢ = (Xj — X,)/ (X; = X,).

In (10), let y=E",, the Equation of the electrically excited synchronous containing the
excitation system can be written as:

X =AE+B,1 +B,,U. (11)
Y =C,E
with
E, ~1(z,, +3T,) 0 0 0 o]
X= Ec:ll ! I:|:Idj|’ AP: ]/Td,/o :1/le0 ' 0 n” O ’ CP: 1 ’
Eq Iq C/Tdo ]/Tdo _C/Tdo _1/Td0 0 0
= 0 0 0 —]/Tq'g 0
0 0 KPWM(Xd — X|)
, : R (7, +3T;)
B — (Xd_xd)/TdO 0 B.. = 0
P X = Xg) Ty +(eX g = X4) /T 0 L 0
0 (X, = X)/Ty )

Finally, the differential Equations shown from (4) to (11) can be discreted to
incremental Equations by using the finite difference method.

4.3.2. Control Objectives

When operated under different wind speed condition during LVRT, the control
objectives of the coordination controller can be summarized in three aspects:

1) The first objective is to minimize the variation of the output power, which can be
described as

J, =min f,(8,0) = min(———— Y6 — ref) (12)

ref
0< 5 < Bex
st. <0<6<6,,
0 < g < W max

where the objective function can be derived from (3) to (6).
2) The second objective is to keep the rotor speed of EESG in a set range. The control
objectives function can be donated as

J, =min f,(8,0) = min( GP rEf) (13)

ref
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0<P, <P

st. <0< < B
0<0<6,,
where P represents the reference output power of generator, and the output active
power of EESG is
UE, 2
P, =—qsin§+(i—i)u—sin 20
X4 . X4 2
3) The third objective is to keep the stator voltage of EESG in a normal level, donates
the stator voltage is Vs, the objective function is

J,=minAV,(5,E!) (14)
st. 0<V, <1.2V,

where AVi=aAd+bAE’, is the stator voltage Equation of EESG which can describe the
stator voltage variation along with power angle ¢ and E,.

5. Simulation and Results

During voltage sagging, the LVRT controller would take in charge of the WT until
PCC voltage recovered. Figure 7 gives the flow chart for LVRT control of FSCWT,
which was mainly depend on the LVVRT requirements for WT of grid codes shown in
Figure 3.

Power and voltage
control mode |

Power and voltage
control mode I1

| Off grid operation |

End

Figure 7. Flow Chart for LVRT Control of FSCWT

To a symmetrical three phase fault, there is no negative sequence voltage existed. Thus,
the d-q transformation (2s/2r) method [20] can be utilized for voltage sag detection.
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[ud’ uq]T:C[ua, Up, uc]T

with

c 2|sinmt  sin(wt—27/3)  sin(wt+27/3)

3| —coswt —cos(wt—27/3) —cos(wt+27/3)

Thus, the sag time and the sag amplitude can be detected by the voltage variation
in d-axis. Figure 8 shows the low voltage detection results with 60% and 40% sag,
respectively. As can be seen from the figure, the waveform of voltage uy can detect the
voltage sags without any time delay when it dropped at 0.032s and return in a normal
value at 0.082s.

To the asymmetrical fault, like one phase or two phase short circuit of grid side, an
improved d-p transformation method without time delay was employed, where the voltage
of the fault phase was implemented with derivative, the derived cosine voltage is utilized
for structuring a symmetrical three phase voltage Equation. Then, the d-g transformation
can be utilized to detect the voltage sag.

Voltage dropped 60% of the rated one Voltage dropped 40% of the rated one
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Figure 8. Low Voltage Detection Results with Different Sags
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Figure 9. Low Voltage Detection Results in Phase A

Assuming voltage sag occurred in phase A, the deviation of u, is
u, =Uwcosat
according to triangular transformation
1

3
Up == _Zua(t)

1 3,
U =—§ua +£ua(t)

The d-qg transformation result is
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Uy =+/3U cosar
U, = \/§U sina

Figure 9 shows the low voltage detection results obtained in phase A, it obviously
that there is no time delay of uy when the voltage dropped at 0.1s and returned at
0.2s. Therefore, both the symmetrical and asymmetrical methods are used for low
voltage detection in this paper as the first step for the LVRT controller.

For the purpose of improving the control performance, and reducing the calculation
tasks when solving the nonlinear optimal problem proposed in this paper, the step-like
control is utilized. Assuming the timely control increment is

Au(k) =u(k) —u(k -1)

with a step coefficient y>0. The future control increment can be expressed as

Au(k+ j)=muk+ j-D)=»'Auk) 1<j<p-1

where p is the prediction length. Thus, the future control sequence u(k),
u(k+1), ..., u(k+p-1) can be described using u(k-1) and Au(k). The dimensions is
reduced from i-p to i, which would be only related to the input dimension. In this
paper, the prediction length p is set to 20 with a step coefficient y=0.8.

Ranking the control objectives in the priorities: J;>J,>J;. The corresponding response
curves are shown in Figure 10. Defining both the limit values in (12) and (13) with
Prmax=90°, Omax=90°, wemax=1.2cwcr and all set values are equal to “1” in per unit. Figure 10
shows the simulation results with the proposed method used when the voltage of PCC
sagged to 85% and 20%, respectively, with a three phase short happen in grid side.
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Figure 10. LVRT Characteristics with Different Voltage Sag
It can be seen from the figure that when a three phase fault happen in the grid side at 1s,

it can be timely detected by U, without any delay. When the fault is cleared at 1.625s,
the terminal voltage recovers within a very short time. In the case when the voltage
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sagged to 20% of the rated value, which only takes 180ms and fully meets with the
requirements of LVRT capabilities for WTs. The maximal rotor speed variation during
three phase short circuit was only 1% with 80% voltage sag while 5.2%. for a 15%
voltage sag. During the fault, the reactive current was injected rapidly for supporting the
voltage, with a maximal 3.8pu in the worst case.

To exemplify the superiority of the proposed method, a comparison of the proposed
method and H,, strategy, proposed by the authors for the same purpose [21], which is
shown in Figure 11.

1.2
1.805s {M
1 Nz
S —1.850s
= 08
s It
> 06
. Proposed method
04 r
——H_ strategy
0.2 : ;
0 0.5 1 15 2 25 3 35 4 45
times (s)

Figure 11. LVRT Characteristics Comparison with H. Strategy

As shown in Figure 11, when the same three faults happened at 1s and cleared at
1.625s, the voltage under the control of proposed method can quickly recover to 90% of
the voltage to its normal operating standard at 1.805s, which is 54ms higher than that
voltage under H,, control. All this two approaches can meet the LVRT requirements for
WTs. Figure 12 shows the active power variation during normal operation without any
faults occurred. It is obvious that the output power is smoother when the priority of the
three objective functions is J;>J,>J; rather than J,>J;>Js.

2050
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2000 | ) A
g W
o
1,000
—J2>J1>J3
----- J1>32>33
500 £
05 1 1.5 2 25 3 35 4 45 5

times (s)

Figure 12. Output Power with Different Objective Priorities

As we can see from the figure, during the operation of the FSCWT under different
conditions or different operation zones (see in Figure 2), different objectives require
different priorities to fulfill their set targets. The proposed method adopts the nonlinear
multi-object predictive strategy to cope with such demands, which is proved with
good performance.

Conclusions

In this paper, the multi-object predictive strategy has been applied for coordinating
control of pitch control, excitation control and WinDrive control for improving the LVRT
capability of FSCWT. With interpreting the operation principle as well as the LVRT
requirements for FSCWT, the proposed method was verified by simulations conducted in
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MATLAB environment. Experimental results show that when the WT operating in
different zones, better performances can be obtained by adjusting the priority of the
objectives. Comparison study of LVRT capability with proposed method as well as an
addition H., strategy utilized show that the proposed method is of stronger robustness.
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