ResearchGate

See discussions, stats, and author profiles for this publication at:

Resonant Control System for Low-Voltage
Ride-Through in Wind Energy Conversion
Systems

Article /1 IET Power Electronics - February 2016

DOI: 10.1049/iet-pel.2015.0488

CITATION READS
1 248

5 authors, including:

@ University of Chile : University of Chile

15 PUBLICATIONS 16 CITATIONS 111 PUBLICATIONS 2,784 CITATIONS
SEE PROFILE SEE PROFILE
@ University of Nottingham g University of Nottingham
~a g P
466 PUBLICATIONS 6,709 CITATIONS 388 PUBLICATIONS 8,559 CITATIONS
SEE PROFILE SEE PROFILE
Allin-text references are linked to publications on ResearchGate, Available from: Roberto Cardenas

letting you access and read them immediately. Retrieved on: 12 August 2016


https://www.researchgate.net/publication/295256182_Resonant_Control_System_for_Low-Voltage_Ride-Through_in_Wind_Energy_Conversion_Systems?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_2
https://www.researchgate.net/publication/295256182_Resonant_Control_System_for_Low-Voltage_Ride-Through_in_Wind_Energy_Conversion_Systems?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_3
https://www.researchgate.net/?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_1
https://www.researchgate.net/profile/Matias_Diaz3?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Matias_Diaz3?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_5
https://www.researchgate.net/institution/University_of_Chile?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Matias_Diaz3?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_7
https://www.researchgate.net/profile/Roberto_Cardenas3?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Roberto_Cardenas3?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_5
https://www.researchgate.net/institution/University_of_Chile?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Roberto_Cardenas3?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_7
https://www.researchgate.net/profile/P_Wheeler?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_4
https://www.researchgate.net/profile/P_Wheeler?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_5
https://www.researchgate.net/institution/University_of_Nottingham?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_6
https://www.researchgate.net/profile/P_Wheeler?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_7
https://www.researchgate.net/profile/Jon_Clare?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Jon_Clare?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_5
https://www.researchgate.net/institution/University_of_Nottingham?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Jon_Clare?enrichId=rgreq-22cc0d5b5860a75453e3610edf87c6e3-XXX&enrichSource=Y292ZXJQYWdlOzI5NTI1NjE4MjtBUzozNDAzNzI1MjI4NDgyNTdAMTQ1ODE2MjU0MTE1NQ%3D%3D&el=1_x_7

15

20

25

30

35

40

45

50

55

60

65

Techset Composition Ltd, Salisbury
Doc: {IEE}PEL/Articles/Pagination/PEL20150488.3d

IET Power Electronics I
The Institution of

Research Article Engineering and Technology

ISSN 1755-4535

Received on 22nd June 2015
Revised on 11th December 2015
Accepted on 24th January 2016
doi: 10.1049/iet-pel.2015.0488
www.ietdl.org

Resonant control system for low-voltage
ride-through in wind energy conversion
systems

Roberto Cardenas’, Matias Diaz? ™, Félix Rojas3, Jon Clare?, Pat Wheeler*

"Electrical Engineering Department, University of Chile, Chile

2Electrical Engineering Department, University of Santiago of Chile, Chile
3Electrical Engineering Department, Technical University of Munich, Germany
“PEMC Group, Faculty of Engineering, The University of Nottingham, UK

= E-mail: matias.diazd @usach.cl

Abstract: Owing to the high penetration of electrical energy from wind energy conversion systems (WECSs), some
countries are enforcing stringent grid codes to regulate low-voltage-ride-through (LVRT) operation of WECSs. This
study presents a self-tuning resonant control (RC) system which can be used for LVRT control of the grid interface in
the presence of symmetrical or asymmetrical faults. Only two RCs are required to fully control the four degrees of
freedom of the converter output current. Sequence component separation is achieved using a new fast-convergence
delayed signal cancellation method which is also discussed in this work. The mathematical analysis and design
procedure of the control system are presented. Simulation and experimental results obtained from a 3 kW prototype

are discussed in this study.

1 Introduction

Wind energy is one of the industries with the largest and most rapid
growth in the renewable energy sector [1, 2]. The worldwide wind
energy production capacity in 2014 was 369.6 GW [3]. Moreover,
the penetration of wind energy is steadily increasing. A good
example is The European Union, where 121.3 GW of wind energy
capacity has been installed since 2000, representing over 29.1% of
the total new capacity installed [4].

Sudden disconnections of large wind power plants may have a
significant influence on the stability of conventional power systems.
Therefore stringent grid codes are enforced in countries with a high
penetration of wind energy [5, 6]. In these grid-codes, low-voltage
ride-through (LVRT) requirements demand wind-power plants to
remain connected in the presence of grid-voltage dips, contributing
to the maintenance of grid voltage and frequency stability.

Typically only 12% of grid-faults are symmetrical and therefore
LVRT control systems have to regulate positive and negative
sequence currents and voltages [7]. Control systems for LVRT
operation have already been presented in [7-19]. In most of these
papers the controllers are based on two counter revolving
synchronously rotating d—q axis systems where the negative and
positive sequences are transformed into dc signals and controlled
using standard PI regulators [16, 17]. Control systems based on
feedback linearisation [11], model predictive control [18] and
linear quadratic regulators [7] have also been proposed in the
literature. However, resonant controllers (RCs) have advantages
when compared with the methods discussed previously. A single
RC could be used to regulate the positive, negative and the zero
sequence (in a 4-wire system) components of voltages and currents
[20-23]. In addition, as shown in this work, for LVRT control,
orientation along any specific voltage or current vector is not a
requirement and a phase lock loop (PLL) is implemented only to
obtain the grid-frequency which is used to maintain the resonant
controller tuned to the correct grid frequency.

This paper is focused on the presentation and discussion of a
control algorithm to fulfil the LVRT requirements for a system
with a topology composed of a wind turbine interfaced to the grid
using a back to back converter. A machine-side converter (MSC)
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controls the magnetising and torque currents of the electrical
generator, using some of the control methods discussed in [1, 9,
24] and a grid-side converter (GSC) supplies the energy captured
by the wind energy conversion systems (WECS) to the grid. An
intermediate dc-link capacitor bank decouples the control of the
GSC from the MSC and vice versa. It is assumed that the dc-link
voltage is fairly constant under grid-fault conditions, because it is
normal practice for the back to back converter to be equipped with
a dc-link voltage limiter, for example, a chopper, which can
dissipate any power surplus produced during a grid fault. In
addition some of the dc-link voltage control methods reported in
[10, 12] could be applied. Consequently the generator side control
system is not addressed in this work and only the control methods
for operation of the GSC are discussed.

For asymmetrical faults, unbalanced currents and voltages are
produced in the power system. For the implementation of LVRT
control systems, usually the measured currents and voltages have to
be separated into their positive and negative sequence components
in order to eliminate the power oscillations in either the active or
reactive power supplied by the GSC [7, 25]. In this case sequence
separation is required even if the LVRT algorithm is implemented
in synchronously rotating d—¢g coordinates [7, 16], (using PI
controllers), or in fixed o—f coordinates (using resonant controllers).

One of the methods reported in the literature to achieve sequence
separation, is the delayed signal cancellation (DSC) algorithm [26,
27] which, in its conventional implementation has an intrinsic
delay of 5 ms (for w.=50 Hz) before achieving the separation of
the sequence components. In this paper a fast-convergence DSC is
discussed, which can be used to separate the sequence components
with a much smaller delay. The application of this modified DSC
for LVRT control is also presented in this work.

The contribution of this paper can be summarised as followed:

e To the best of our knowledge this is the first paper where the
design and experimental implementation of resonant controllers for
LVRT applications is reported. The control system is implemented
in o—f coordinates, no orientation along any voltage/current vector
is needed, and only two RCs are required. In a typical d—gq
implementation four controllers have to be implemented [16, 17].
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Fig. 1 LVRT requirements

a Limit of the grid voltage dip in Spain, Germany and Denmark
b Demanded reactive current as a function of grid-voltage dip (Spanish grid-code)

e The proposed control system is enhanced by a novel fast convergence
delay signal cancellation algorithm which can effectively improve the
dynamic performance of the closed loop control by separating the
positive and negative sequence components of voltages/currents with
a programmable delay time. It is straightforward to integrate both the
fast DSC and the RCs in a simple control algorithm since they are
both implemented in a—f3 coordinates.

e A better methodology for the design of a self-tuning RC, capable
of operating over a wide frequency range, is presented. The RC is
designed in the z-domain, to avoid the problems related with the
bilinear transform or other discretisation methods [28]. In the
opinions of the authors of this work, this methodology is superior
to the conventional PR proposed in the literature [28].

The rest of this paper is organised as follows. In Section 2 a brief
discussion about LVRT requirements is presented. In Section 3 the
proposed control systems are analysed, in Section 4 simulation
results are presented and fully analysed. Section 5 discusses the
experimental results. Finally a summary of the work is presented
in the conclusions.

2 LVRT requirements

There are different LVRT requirements which are imposed by several
countries around the world. A good summary of typical LVRT
requirements can be found in [S5, 29]. As an example, the LVRT
requirements for the Spanish grid-code are shown in Fig. 1.
Referring to this graphic, the operation modes are: (i) To maintain
the WECS connected to the grid, when the line voltage is above the
curve for an interval time specified in Fig. 1a. (ii) To support power
system voltage regulation using the characteristic shown in Fig. 1b.
This is achieved by injecting reactive power into the grid using the
GSC. Alternatively the GSC can be controlled to absorb reactive
power from the utility, when the voltage is above the nominal value.

Note that in the Spanish grid code, for dips with a voltage
reduction >50%, the GSC full-rated current has to be delivered to
the grid as reactive current and in this case no active power is
injected to the grid [29]. Therefore, active power injection can be
only realised for dips with a voltage reduction of <50%.

The LVRT characteristic depicted in Fig. 1 is shown only as a
reference. The proposed control system can be applied to any of
the grid codes discussed in [5, 29].

Reactive Current

to Rated Current

A

100%

Dead band —*
Voltage
Drop/Rise
X 50% A0% | 10% 50%

- [-100%
\ 4
b

3 Proposed control systems

The proposed control system for LVRT operation is shown in Fig. 2.
From the grid voltage vector v,, the positive sequence voltage yg and
the negative sequence voltage lfé‘ are estimated using a modified
DSC algorithm which can be used with a programmable delay
angle 04. This is further discussed in Section 3.3. The positive
sequence voltage Qg is the input to a PLL algorithm designed to
estimate the electrical frequency @, required to maintain tuning of
the resonant controllers in the current control system (see the top
part of Fig. 2). The reference currents, in o—f coordinates, are
calculated using the procedure discussed in Section 3.1. In Fig. 2

this is represented by the block ‘¥, ipB*, io', i calculation’.

3.1 LVRT algorithm

DI 1LY

In this section, the algorithms embedded in the block ‘&, 73", 5", ig

calculation’ shown in Fig. 2 are further explained. In previous work
the equations required to eliminate the oscillations from the power
supplied to the grid have been obtained using d—g components

Current Control

abc

J

o~
Q
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referred to two counter-revolving axis systems. However,
considering that in this paper it is proposed to regulate the GSC
currents in the stationary axis using resonant controllers, the

calculation of the ", z%*, iy, ig rteference currents is realised

using a—f coordinates. To the best of our knowledge this has not
been discussed before.
The apparent power supplied to the grid can be calculated as

Pg +ng = (Klejwt + Kzefjmt) (llcjwt _{_lzefjwz )c )
where the superscript ‘c’ stands for the complex conjugate operator.
In (1) V= Vi,+jVipis the positive sequence voltage and [, =1, +

Jjl141s the positive sequence current. On the other hand, V>, I, are the
negative sequence voltage and current, respectively. Expanding (1)
yields

Py(t) = Py, + Py,

0,() =

cos2wt + P, sin 2wt 2)

Oy, + Oy, c0s20t + O,  sin2wt 3)

where Py(t), O,(t) are the active and reactive power, respectively,
which are time dependant functions, and P, and Q, are the dc
components of the active/reactive power. The other terms in (2)-
(3) are double frequency (2w) components.

Using (1)-(3) the terms P, , P, ,P, . Oy, 0, andQ, are
obtained as

Py, = kog(Vioih + Voglh + Viala + Vegip) 4)
Py, = aB(Vg lo+ VPB gt Vga io+ VgB B) ®)
Py, = kog(Veagih, — Viaily — Vigia + Veaip) (6)
O, = kaﬁ(vgﬁla galﬁ + VgB’ Vgalllli) ™
O, = kaﬁ(vgﬁza — Vhalp + vgﬁiﬂ - vgai%) 8)
Oy, = kap(Viala + Vegip i — Vegip) ©®

In (4)—~(9) the value of ks depends on the o—p transform being used,
for example, k,z=1 for the power invariant transform and k,z=3/2
for the conventional «—f transform [30]. The voltages

(ng vrg’ﬁ, ng gﬁ) are the positive and negative sequence

components of the grid voltage vector. In the stationary o—f frame
oP Vea> gD‘) are defined as the real and imaginary components of
Ve, respectively, (i.e Voa = Via cos(wt) - V1 gsin(wt)  and
vga = Vg cos(wt) + Vlasin(wt)) Slmllarly,_ s gB are defined as
the real and imaginary components of V,e ™.

The GSC currents have four degrees of freedom (&5, i, 7y, ip)

which cannot be used to control six variables (Pgn’ ng, chz, ngz,
O, ,» Os2). Therefore it is necessary to make a choice of variables
according to the control objectives. In this work the current
references are calculated to set reference values for the dc
components in the active and reactive power (Pg, s ng) and to
eliminate the double frequency oscillations in the active power
supplied to the grid (i.e. P., ~0, Py, ~0). In addition, when this
control methodology is used, the double frequency oscillation in
the GSC dc link capacitor current is reduced or even eliminated
when the currents are calculated using (18). However, reactive
power oscillations (Q.,, Os») cannot be simultaneously controlled
if undistorted sinusoidal currents are required at the GSC output.
In matrix form the required references can be defined as

P n n
P, Vie Veg Ve Vs P
0 n n g
Og, —k VZB Ve« Vep Ve IE 10
P,.=0|" af W N _vp W i ( )
PAQ 0 2B ga 2B ga &
= 1
@ Ve Ves Ve Ve J-F
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Using (10) the reference currents for the current control system
shown in Fig. 2, are calculated using

n n -1

p
P Vo Vep  Vea Ve P

o+ M VN &

ZE _ L] Ves ga B ga [0) 11
il e IV R Y S oo ab
a ag| Vep “Vea Ve Vea 0

1 n n P 0

P Ve Vep Ve Vep

Expanding (11) the reference currents are obtained as

ip* — L V‘BPgO V;; Qg()
G kg VR VY v vy VR VS Ve vy
(12)
Pk 1 Vgpgo VgQgO
lﬁ = k_ p2 p2 2 2 - p2 p2 2 2
VE VS VR -V VAV VRV
(13)
w1 —VaPy, VO,
S N 7y
(14)
a_ L Py, B VaQq,
L vy — Vn2 Ve ovE vy e vy

(15)

Note that (12)—(15) are simple to implement in a digital signal
processor. The reference values PZO, Q¢ are considered as inputs
of the control algorithm (see Fig. 2) and they can be obtained
from the grid-code LVRT requirements, for instance using the
curves depicted in Fig. 1.

If the currents calculated from (11) are imposed by the current
control system, the double frequency oscillations in the dc-link
voltage are not entirely eliminated. This is due to the fact that the
oscillatory active power consumed by the filter inductance (see
Fig. 2) is supplied by the GSC. These power oscillations can be
calculated as

AP, = aﬁ[zRf( " i )+2wa<zgzg—igi‘;)] (16)

A )+2wa( P —igi‘;)] a7

where L and Ry are the inductance and the intrinsic resistance of the
filter connected to the GSC output (see Fig. 2 and Table 1 in the
Appendix). Therefore to eliminate the double frequency active
power components at the converter terminals, the values of AP; »
and APf [see (16)~(17)] have also to be considered in the
calculation of the reference currents. Using (5), (6), (16)—~(17) a
modified version of (11) is obtained as (18)

AP = aﬁ[zkf( P

-1
P LR R A P
i VB Ve VB Ve 0
Bl =1 o n o e (18)
Lo 5 Vo — v% v, AP,
o P I VA

Vo Vg A B

If the currents are obtained using (18), the current and voltage of the
GSC dc link are free of double frequency oscillations. However, to
calculate (16)—(17) the positive and negative components of the
currents have to be estimated using an additional implementation
of the DSC algorithm discussed in Section 3.3. Moreover to solve
(18) a more complicated inverse matrix operation has to be
implemented. For instance £* calculated from (18) is obtained as
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(see (19))

Similar expressions are required to calculate (i, iy’ i)
Nevertheless these calculations are still simple to implement using
modern digital signal processors (DSPs).

As depicted in Fig. 2 only two resonant controllers are required to
regulate the current supplied to the grid. The reference currents are
obtained as

iy =i +iy ip= ig* + i (20)

3.2 Design of the resonant control system

In this work resonant controllers are used to achieve zero steady-state
error when sinusoidal reference signals are provided to the LVRT
control system [31].

Most of the design methods for resonant controllers reported in the
literature are usually based on the Laplace domain and transformed
to the z-domain using some of the discretisation methods discussed
in [28, 32]. However, with this methodology the z-domain
controllers obtained using discretisation algorithms (e.g. bilinear
transform), do not necessarily maintain the dynamic response of
the original s-plane design unless the sampling frequency is
relatively high [28, 32]. This is particularly difficult to achieve in
applications involving high power converters where the switching
frequency could be relatively low to limit the converter losses. To
avoid these drawbacks, the resonant controllers of Fig. 2 have
been directly designed in the z-plane using the zero-pole
placement method.

The proposed z-plane resonant controller is shown in Fig. 3a.
There is a pole (complex conjugate pair) located on the z-plane
unit circle and a zero (complex conjugate pair) located at a
distance ‘7’ from the origin. The transfer function of this controller is

(z - rej‘"eTS)(z - refj"’ers)

RC(z) =K, (z — ejweTs)(z — e*jmeTs)

(2]

which is equivalent to the following second order transfer function

(2 +2rcos (w, T,)z + 1)
(22 + 2 cos (w, Tz + 1)

RC(2) = K, (22)

where o, is the grid frequency and K, is the controller gain. If the
controller is well designed, the poles of the resonant notch are
located at the grid frequency w.. However if the grid frequency
changes, a self-tuning resonant controller is appropriate, that is, the
transfer function of (22) is calculated online using ®,, the
electrical frequency estimated by the PLL (see Fig. 2). This is
further discussed in [33] where a self-tuning resonant controller to
regulate the stator current of a generator operating over a wide
speed range is presented.

In the stationary frame the dynamics of the current supplied by the
GSC to the grid are described by

Gy R+, (23)

Y dr

—C

:Lf

where v, is the voltage vector synthesised by the GSC. Using (23)
the control loop shown in Fig. 3¢ is obtained. In this figure the

converter space-vector modulation (SVM) is represented by a
delay of one switching period. The GSC (an actuator) is
represented as a zero order hold.

The design of the current control is realised using root-locus and
bode diagrams. In order to increase the dynamic performance a
lead-lag network can be used. Considering this lead-lag, the
transfer function of the controller is

(22 + 2rcos(®,Ty)z + r2) (22 +az+b)

G.(2) =K
=K cos (@ )z + 1) (2 4=+ d)

24

Two controllers with transfer function G.(z) [see (24)] are sufficient
to regulate both currents i, and iz [see (20)]. For the design used in
this work the current control loop has a crossover frequency of
approximately 700rads™", and a phase margin of more than 60°.

3.3 Fast convergence DSC algorithm

The conventional DSC reported in the literature [26, 34] separates
the positive and negative sequence components using (24) and (25)

e 1 . T

Vous =3 [yg(t) —J%, (t - Z)} (25)

e 1 . T

Voap = 5 [Eg(t) A (f - Z)] (26)
where '\ZZQB, ?Zas are the estimation of the positive and negative

sequence grid voltage vectors, respectively, v, is the total grid
voltage vector and 7 is the signal period (20 ms for 50 Hz
signals). The main disadvantage of (25)—(26) is that a delay of
about 5 ms (for 50 Hz) is introduced in the calculation. Moreover,
for a discrete implementation of (25)—(26) the ratio between the
fundamental frequency and the sampling period has to be an integer.

An algorithm to achieve separation of the positive and negative
sequence components, with a smaller delay, has been proposed by
the authors in [27]. In this paper the method is introduced,
however the application of this DSC algorithm to LVRT has not
been addressed in that work and it is discussed here. For
completeness, the DSC algorithm presented in [27] is briefly
discussed in this section.

From (1) the grid voltage vector is obtained as

v = (Ve + Vpe ) 27

Then, using (27) it can be shown that the positive—negative sequence
signals can be instantaneously calculated as

| Jv,(0)

?gaﬁ =5 |:!g(t) "W ;t i| (28)
1 J v, ()

Voup = 5 |:!g(f) + ° ;t i| (29)

However, in a digital implementation, direct differentiation of the
voltage amplifies the high frequency noise in vy(¢). Therefore, an

() 3+ 250m0n = 02— (43) ' = ()
2

1
VRV VEZ} | () 2027 () 02)' - ()" - 200°() - 02)

4 APfxz

AP, (19)

" :L[ o /30, i
R R e
R I R R R Ve
() - 200°(3) + 2" = (9) =202°(5) - 0
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Fig. 3 Proposed z-plane resonant controller

a Resonant control system pole and zero diagram
b GSC output current control system

alternative is to use the following expression
v, = v(of) — ey, (of — 6,) (30)

where 6, is a delay angle. Note that v, in (30) does not necessarily
have a physical meaning.
Using (27) in (30) the vector vy is obtained as

v, =V, @ 4 Vye 1 — e [Z]ej(wt_gd) + Zze_j(w[_ed)] (31

Using (31) the positive sequence component is estimated as

- v, 1 [zg(wt) - e_je“yg(wt - Bd)](l — el?f)
[1 — cos(26,)]

Yeap = [[—c2W] 2

(32)

Using the same procedure, the negative sequence component of v, is
estimated as

[sa600 — %y, (o = 0)](1 = %)
[1 — cos(26,)]

(33)

Using (32)—(33) the implementation of the proposed fast DSC is
shown in Fig. 4. The time delay of NT; seconds (where N is an
integer and 7 the sampling time) corresponds to a delay angle of
6, rads. More information about this fast convergence DSC is

+ 1 B
s 2(1 — cos(26,))
- ~p
e Jj0a Vap
Y
14
=9, NT,
Delay I
elfa
—_ 29 -
2(1 — cos(26y)) e”/%d

Fig. 4 Modified DSC used in this work
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i
N - 1 -ap
RC f{z~p{zoH -
] sLs + Rg
SVM & GSC
b

outside the scope of this work and the interested reader is referred

to [27].

4 Simulation results

The control systems presented in Section 3 have been simulated
using PLECS®. The control loops depicted in Figs. 2 and 4 have
been simulated considering a two-level GSC with ideal
insulated-gate bipolar transistor (IGBT) switches. The converter
operates with a switching frequency of 3 kHz and is connected to
the grid using line inductors (Lg) of 5 mH. The converter dc link
voltage is regulated to a constant value of 650 V. In this work the
classification of voltage sags presented in [35] (e.g. dip type, A, B,
etc.) is used. For the results presented in this section and the
section discussing the experimental results, the control of the
two-level voltage-source power converter is realised using a
standard algorithm for SVM (see [33]).

Fig. 5 shows the grid voltages for a 30% dip type C (i.e. the
voltage on two of the phases are reduced to 30% of the pre-fault
value). Fig. 6a illustrates the performance of the proposed DSC
algorithm to estimate the negative sequence voltage, when a delay
of 2.5ms is considered. This is corroborated by the results
presented in the amplified view of the negative sequence voltage,
where is evident that the proposed DSC converges in
approximately 2.5 ms. For simplicity, only the negative sequence
signal is illustrated in Fig. 6a. However, more results are fully
discussed in Section 5, ‘experimental results’.

The performance of the proposed control system is depicted in
Fig. 6b, when the o—f currents are calculated using (12)—(15) and
(20). Before the fault the GSC is supplying 3 kW to the grid with
unity power factor. When the dip C (shown in Fig. 5) is produced,
the system is controlled to supply only reactive power to the grid
with an average reactive power of 3 kVAr (i.e. the reference active
and reactive powers of (11) are set to P;O =0 and QZO = 3kVAr,
respectively). Note that for this test the active power supplied to
the grid is virtually free of double frequency oscillations.
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Fig. 5 Grid voltages v,,, vy, and v, for a 30% type C dip
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a Negative sequence voltage obtained at the output of the proposed DSC with a delay of 2.5 ms

b Performance of the proposed LVRT algorithm considering that constant active power is supplied to the grid. Top: active and reactive power supplied by the GSC. Middle: active and
reactive power supplied to the grid. Bottom: currents supplied to the grid in a—f coordinates

¢ Performance of the proposed LVRT algorithm considering that constant active power is supplied by the GSC. Top: active and reactive power supplied by the GSC. Bottom: active and

reactive power supplied to the grid

d Negative sequence current obtained at the output of the proposed DSC. The delay is 2.5 ms

However, as mentioned before, the four a—f currents do not
provide enough degrees of freedom to eliminate the oscillation in
the reactive power which has a notable 100 Hz component (see
Fig. 6b top and middle waveforms).

As discussed in Section 3, when the active power supplied to the
grid is ripple free, the GSC has to supply the double frequency
oscillations present in the filter active power. This is illustrated in
the top and middle waveforms of Fig. 6b, where the active power
supplied to the grid is illustrated and shown to be virtually ripple
free. Finally, in the lower waveform of Fig. 6b, the currents in a—f3
coordinates are shown. These currents correspond to the total
current obtained from (20) and regulated using two resonant
controllers (see G.(z) in (24)).

As discussed in Section 3, the positive and negative sequence
components of the currents can be calculated (using (18)) to
eliminate the oscillations in the power supplied by the grid side
converter. This is illustrated in Fig. 6¢, considering the same type
C dip fault depicted in Fig. 5. In Fig. 6¢, the active power GSC
output is free of double frequency components. However in this
case the power oscillations, AP; = and AP; , required by the filter
inductance, are supplied by the grid side converter, as shown in
the lower waveform presented in Fig. 6¢c. Again for this test the

active and reactive power are regulated to P;O =0 and
0,, = 3kVAr during the fault (see (18)).

As discussed in Section 3, if (18) is used to calculate the
demanded (i}, iz) currents, then an estimation of the negative and
positive sequence currents has to be obtained. The estimation of
the negative sequence current is shown in Fig. 6d4. Note that the
estimation is also obtained in ~2.5 ms.

As depicted in some of the figures, immediately after the fault is
applied (or cleared) there are some peaks in the positive and
negative sequence components estimated by the DSC algorithm.
These disturbances are produced by the numerical implementations
of dvy(t)/ot and 0i(t)/ot which are implicit in the DSC algorithm
(see (28)—(29)). Differentiation of these signals amplifies the high
frequency components inherent to the step-like changes in the
current and voltages, which are produced after the fault condition
is applied or removed. As discussed in [27] the peaks in the
estimated positive and negative signals can be reduced increasing
the delay angle 6, [see (30)]. However in this work this has not
been considered necessary because these peaks have a negligible
effect on the dynamic performance of the proposed control system.

Note that it is only for the results presented in Figs. 6¢ and d that
the positive—negative sequence components of the GSC currents are
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a Schematic of the system
b Experimental system implemented in a 19 inches rack

required (see (18)). Therefore, only in this case is the numerical
implementation of di(¢)/0¢ (implicit in the DSC algorithm) performed.

5 Experimental results

The control systems depicted in Fig. 2 have been embedded in an
experimental rig composed of a 4-leg matrix converter, a two-level
voltage source inverter and inductances/capacitances used as
power filter. The schematic of the experimental rig is shown in
Fig. 7 with the matrix converter operating as a programmable
power source using the control system methodology reported in [36].

The experimental system is controlled using two Texas
Instruments TMS320C6713 DSPs and two ACTEL FPGA boards,
one for the control of each power converter. Each FPGA board
has 10 AD channels of 14 bits, 1 pus conversion time each.
Hall-effect transducers are used to measure the currents and voltages.

The GSC has been designed and built using three 1200 V, 35 A
dual IGBT switch Infineon BSM35GB120DN2 devices. This
converter is operated with a switching frequency of 3 kHz, with
the switching signals being transmitted to the converter using
optical fibres. The matrix converter is implemented using twelve
bidirectional switches, Semikron SK60GM123. Four current
transducers and three voltage transducers are included in the
matrix converter PCB. The matrix converter is operated with a
switching frequency of 12.5 kHz. More information about the
experimental system is presented in the Appendix.

The performance of the proposed DSC algorithm is shown in
Fig. 8a. For this test a dip type D fault is synthesised by the
programmable power supply and the estimation of the positive and

negative sequence components of the grid voltage (i.e. ’y\gaB and

’fgaﬁ) are programmed considering four values of delay angle 64

(see (30)—(31)). These are 63 =n/2 (corresponding to a delay of 7y
=5ms at 50 Hz) 04=n/4 for T4=2.5ms, 63=7/10 for Ty=1ms
and 6y=7/20 for T4=1500 us. For this test the four delay times
have been simultaneously programmed in a TMS320C6713 DSP.
The top waveform in Fig. 8a presents the asymmetrical fault (dip
type C) which is programmed at 7~70 ms. Before the fault the
voltage is balanced and after the fault the phase voltages v,,, Vs,
and v, are reduced to 80, 55 and 55%, respectively. The middle
waveform in Fig. 8a shows the estimation of the negative
sequence grid voltage vga and an amplified view of the negative
sequence estimation is presented in the lower waveform, where the
performance of the DSC considering the four delay angles is
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illustrated. From this graphic it is concluded that the overshoot of
the DSC estimator is increased when the delay angle 6, is smaller.
This is because the numerical implementation of dvy(¢)/ot is
implicit in (28)-(29) (see [27]) and this amplifies the high
frequency components of the grid voltage. Experimental tests with
a delay of 500 us have been included in this work showing the
flexibility of the proposed DSC algorithm to achieve good
performance even when low values of 6,4 are used.

The performance of the proposed LVRT control system for a
type-B dip (see [35]) is shown in Figs. 85 and c. In this case, the
grid voltage of one phase is reduced to a 50% of its nominal
value. For this fault, the current is regulated to supply active
power to the grid without 100 Hz components, which is achieved
injecting unbalanced currents. To verify the control system
performance to provide non-zero active power during the voltage
dip, power references Pyo* ~ 1.2 kW and Qg * =0 are used for the
experimental results shown in Fig. 8c.

Using (11)+20) the a—f components of the reference currents are
calculated by the DSP platform and used as inputs of a resonant
control system. The tracking error achieved by the controllers is
shown in the lower waveform of Fig. 8b. For the a-axis current the
current is regulated with a settling time of about 12-15ms
meanwhile the regulation of the B-axis currents is achieved in <5 ms
after the fault occurrence. According with the internal model principle
[37], zero steady state error is achieved before and after the transient.

In Fig. 8c the active and reactive powers supplied to the grid are
presented. Note that the reference currents are calculated (from (11))
to regulate the same active power Pg*0 during the whole test. In
Fig. 8c the active power is free of low frequency ripple meanwhile
the reactive power has a relatively large 100 Hz component.

In Fig. 84 the performance of the proposed LVRT control system,
for a C type fault, is illustrated. The grid voltages are shown in the
top waveform of Fig. 84, with a 50% voltage reduction in two of
the phases. The grid current waveforms, in o—f coordinates, are
presented in the middle waveform of Fig. 8d. Note that this
current has negative and positive sequence components obtained
from (20). The active and reactive powers are shown in the lower
waveform of Fig. 84. In this case, after the fault, only reactive
power is supplied to the grid and the active power reference is
Py, =0 (Q,, ~ 1.2kVAR). Again, the active power is supplied to

0. & . . . . .
the grid with a negligible ripple. As discussed in Section 3 the
system does not have enough degrees of freedom to regulate the
100 Hz components of the reactive power. Therefore only
the average value of QZO is controlled.
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Fig. 8 Experimental tests to verify the performance of the proposed control strategy

a DSC algorithm performance. Top: voltage dip type C. Middle: estimation of the negative sequence a-axis grid voltage. Bottom: amplified view
b Dip type B test. Top: grid voltages for a type B dip fault. Middle: current supplied to the grid by the GSC. Bottom: tracking error for the resonant controller regulating the total a-axis

reference current

¢ Active and reactive power supplied to the grid corresponding to the experimental test for a type B dip fault
d Dip type C test. Top: grid voltage. Middle: a— component of the current supplied to the grid. Bottom: active and reactive power supplied to the grid

Note that from the results depicted in Fig. 8, the tracking of the currents
and powers has a 2% settling time of about 12—15 ms. This dynamic
performance is very good considering the inherent control delay
introduced by the DSC algorithm (see Section 3.2). In addition,
because of the relatively large step-like current and voltage variations
produced by the fault, the actuator (i.e. the power converter) may
become momentarily saturated after the fault is applied, and this
contributes to slightly reduce the dynamic performance of the system [38].

6 Conclusions

This paper has presented a new control methodology based on
self-tuning resonant controllers and a fast convergence modified
DSC algorithm, which can be used to separate the positive and
negative sequence components of the unbalanced voltages and
currents with a programmable delay.

The proposed control system is simple to implement. It requires
only two resonant controllers which can regulate the four degrees

of freedom (i, i, ih, ig) available in the system. The proposed
control algorithm requires neither counter revolving d—g frames nor
a notch filter to achieve sequence separation. As shown in this
paper the LVRT algorithm is simple and can achieve very good
dynamic response. Moreover, the modified DSC discussed in this
paper, improves the dynamic response by reducing the delay
required to separate the sequence components of the electrical signals.

The control system has been validated using a computer model
implemented in PLECS®™ and an experimental prototype. The
system has been tested for several types of dip faults with
excellent performance in all the cases.
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Table 1 Parameters of the experimental system

GSC switching frequency 3 kHz

GSC rated power 2 kW

GSC output filter Li=5mH, Rf~0.15Q
dc-link capacitance 1600 uF
matrix converter switching frequency 12.5 kHz
matrix converter rated power 5.5 kW

MC input filter
MC output Filter

L=0.6256 mH, C=2uF
L=25mH, C=40uF
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