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Abstract--A comprehensive control of a
wind turbine system connected to an
industrial plant is discussed in this paper
where an algorithm has been developed
allowing a control structure that utilizes a
four-leg inverter connected to the grid side,
to inject the available energy, as well as to
work as an active power filter, mitigating
load current disturbances and enhancing
power quality. A four-wire system is
considered with three-phase and single-
phase linear and nonlinear loads. During
the connection of the wind turbine, the
utility side controller is designed to
compensate the disturbances caused in
presence of reactive, non-linear and/or
unbalanced single- and intra-phase loads,
in addition to providing active and reactive
power as required. When there is no wind
power available, the controller is intended
to improve the power quality using the DC-
link capacitor with the power converter
attached to the grid. The main difference of
the proposed methodology with respect to
others in the literature is that the proposed
control structure is based on the
Conservative Power Theory
decompositions. This choice provides
decoupled power and current references for
the inverter control, offering very flexible,
selective and powerful functionalities. Real
time software benchmarking has been
conducted in order to evaluate the
performance of the proposed control
algorithm for full real-time

implementation. The control methodology
is implemented and validated in hardware-
in-the-loop (HIL) based on Opal-RT and a
TI DSP. The results corroborated our
power quality enhancement control, and
allowed to exclude passive filters,
contributing to a more compact, flexible
and reliable electronic implementation of a
smart-grid based control.

Index Terms--Conservative power theory,
Four-leg voltage source converter,
Hardware-in-the-loop,  Power  quality,
Permanent magnet synchronous generator.

I INTRODUCTION

The global capacity of installed wind
turbines has rapidly increased in the last
few years, by 2013 there were about 300
GW of installed wind capacity [1]. There
have been tremendous developments in the
wind turbine industry supporting this
energy source as a mainstream renewable
resource, with competitive costs in $/kWh
when compared to traditional fossil fuel
power plants. This development is due to
the advancement in electrical generators
and power electronics. The main issue with
renewable energy is that the power is not
always available when it is needed.

With the increase of power production of
renewable resources, utility integration has
been developed and implemented and
power electronic inverters are used to
control active/reactive power, frequency,
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and to support grid voltage during faults
and voltage sags [2]-[4].

Several control approaches have been
introduced in the literature for wind turbine
in standalone and grid connected systems
[5], [6]. The machine side controllers are
designed to extract maximum power point
from wind using hill-climbing control,
fuzzy-based, and adaptive controllers [7],
most of the time based on field-oriented or
vector control approach. The grid side
controllers are designed to ensure active
and reactive power is delivered to the grid
[81, [9]

In order to allow the theoretical framework,
different power theories have been
proposed and implemented in electrical
power systems to analyze current and
voltage components, such as the
instantaneous power (PQ) theory for a
three-phase system made by Akagi [10]. In
PQ theory, the three-phase is transformed
into a two-phase reference frame in order to
extract active and reactive components in a
simplified manner. A three-phase power
theory in a broader perspective has been
introduced, known as the Conservative
Power Theory (CPT) [11], where the
current and voltage components are derived
in the three-phase form, without requiring
any reference-frame transformation [12].
The performance of these theories has been
compared in references [13], [14].

This paper proposes a control structure in
three-phase four-wire systems that provides
more functionality to the grid side converter
of a wind turbine system using the
conservative power theory (CPT) as an
alternative to generating different current
references for selective disturbances
compensation, where both single- and
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three- phase loads are fed. Three-phase,
four-wire inverters have been realized using
conventional three-leg converters with
“split-capacitor” or four-leg converters
[15],[16]. In a three-leg conventional
converter, the ac neutral wire is directly
connected to the electrical midpoint of the
DC bus. In four-leg converter, the ac neutral
wire connection is provided through the
fourth

switch leg. The “four-leg” converter
topology has better controllability than the
“split-capacitor” converter topology [17]-
[19]. The considered system consists of
single- and three-phase linear and nonlinear
(balanced and unbalanced) loads. The CPT
is used to identify and to quantify the
amount of resistive, reactive, unbalanced
and nonlinear characteristics of a particular
load under different supply voltages
condition for four-wire system. This paper
is the journal version of our presented work
in the 2015 IAS annual meeting [20].

The organization of the paper is as follows:
Section Il presents the utility connected
wind turbine system considered in this
paper. In Section 11, a brief review of the
CPT for three-phase circuits is presented.
Section IV presents the control design of
the back-to-back converter system. Section
V is dedicated to the experimental
verification of the proposed control
structure through a real time hardware-in-
the-loop (HIL) setup. Finally, the
conclusion of this paper is presented in
Section V1.

I SYSTEM CONFIGURATION
Fig. 1 shows a diagram of a utility
connected industrial system addressed in
this paper. The structure of the power
converter used in the wind turbine system is
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a back-to-back converter with a permanent
magnet synchronous generator (PMSG)
connected to the same bus with the loads.
The loads are a combination of linear and
highly inductive loads causing harmonics at
the PCC.

Utility

lg,abcn

PCC

1 i vy
o.abecn I, aben

Fig 4. 1. Single line diagram of the
addressed industrial system with wind
turbine system.

The model of the wind turbine system
considered in this paper is described in [21].
The generator of the system is based on the
Permanent Magnet Synchronous Generator
(PMSG). The model of the PMSG used in
this paper is presented in [20].
111 CONSERVATIVE POWER
THEORY

The Conservative Power Theory, proposed
by [11], decomposes the power and current
in the stationary frame, according to terms
directly related to electrical characteristics,
such as average power transfer, reactive
energy, unbalanced loads and
nonlinearities. Assuming a generic poly-
phase circuit under periodic operation
(period T), where (v) and (i) are,
respectively, the voltage and current
vectors, and (v) is the unbiased integral of
the voltage vector measured at a given
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network port (phase variables are indicated
with subscript “m”), the CPT authors define
[13]:

Instantaneous active power:

M

PO =2 1= ) Vnim

m=1
Instantaneous reactive energy:.
m

W) =01= ) T i
n=1
The corresponding average values of (1)
and (2) are the active power and reactive
energy defined in (3) and (4), respectively
as follows:

(T <
Pep=wh=z| vide=) p,
0

m=

1
1T -
W= =007 | oidi=) W,
0 m=1

The phase currents are decomposed into
three current components as follows:
Active phase currents are defined by:

Umim) B
lam = va - Epm - vaml

where (Gm) is the equivalent phase
conductance.
Reactive phase currents are given by:

_ (D i) P W s o oa
brm = me - W Vm = Bm V)
m m

where (Bm) is the equivalent phase
reactivity.
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Void phase currents are the remaining - . .b by =~
I =l — Iy = (B, — B”) 1,,,.
current terms: rm rm rm = (Bm ) Vm
i =i — i —i Thus, the total imbalance phase current
it B R —m £ 5 ot 4 3 . .
. . vector is defined as:
where they convey neither active power nor
reactive energy. i =i ik

The active and reactive phase currents can
be further decomposed into balanced and
unbalanced terms.

The current vector can be given as:

The balanced active currents have been i=iE i+ i+t i,
defined as:
(v, i) p IV. CONTROL DESIGN
b — == —__p = GPp. A Machine Side Controller
- || 1:!"'2 -y " The purpose of the machine side converter

is to track the optimum point of the rotor to
extract the maximum power existing in the
turbine. For a given wind turbine, the
maximum power occurs at the maximum
power coefficient of the turbine [22]. For a
given wind speed there is an optimum rotor
speed that gives the optimum tip speed
ratio.

and such currents represent the minimum
portion of the phase currents, which could
be associated with a balanced equivalent
circuit, responsible for conveying the total
active power (P) in the circuit, under certain
voltage conditions.

The balanced reactive currents have been
defined as:

b _SBD W,

Lm . zﬂn _ﬁzﬁm_ 2mn
(]

and they represent the minimum portion of
the phase currents, which could be
associated with a balanced equivalent
circuit, responsible for conveying the total
reactive energy (W) in the circuit.

The imbalanced active currents are

Fig. 2 Control scheme of machine side

. converter.
calculated by difference between (5) and
(8): By knowing the tip speed ratio of the wind
lffm = lgm — lgm = (Gm — G ) v, turbine one can extract the maximum power

from the rotor by calculating the optimum

In the same way, the imbalanced reactive rotor speed as:

currents are
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Then, this optimum rotor reference is
subtracted from the measured rotor speed to
produce the speed error. As shown in

Fig. 2 a rotor speed controller is designed to
generate the quadrature current reference to
the internal current controller. The direct
current reference in this paper is set to zero.
The detail of the controller design
procedure is presented in [23]. The
parameters and values of the grid side
system and the load are illustrated in Table
l.

Stafor restsiace B, 0.672 obm
-z leskage minctance, [ 34mE
s feakage mdoctance, [ 3MmE
Fime hrkage {1, 130%b
Namber of poles of mackns P L
Vol SV
Nooenal oot power of wnd fehe: 10EW
Base wed spaad 0ms
Base rotor speed Niga

B. Grid Side Controller

In this section the current-controlled
voltage source inverter is designed and
modeled. The control scheme for the four-
leg grid side inverter is shown in Fig. 3.

[Ty
kv
[

v, \ Voo )
l Iy
—..'—.'.,‘.; {
o [0 - ! .
e (P
s 52
—

L u‘xzﬂuu' .‘_-:".
Fig. 3 Control scheme of grid side
converter.
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Fig. 3 illustrates the schematic
diagram of the grid-tied four-leg inverter
unit, consisting of a four-leg voltage source
converter (VSC) and the network load that
are connected to the distribution network at
PCC. The inductance of the filter is Lf and
Rf is the ohmic loss of the inductor. The
machine side converter of Fig. 2 is
connected in parallel with the VSC DC-link
capacitor C . It is shown that the grid side
inverter unit is controlled in an abc-
reference frame. vpcc is dictated by the grid
representing the PCC/load voltage. The
control objective is to allow the wind source
to inject its available energy, as well as to
work as an active power filter for improving
power quality based on CPT functionalities.
Fig. 4 shows the circuit, containing both
balanced and unbalanced linear and non-
linear loads. The parameters and values of
the grid side system and the load are
illustrated in Table II.

a b en

_— BT AN e
* TTIT AN i

Fig.4 Schematic diagram of the
configurable load in Fig. 3.
TABLE II
Grid Side System and Load Parameters.

Available online: https://pen2print.org/index.php/ijr/

Page |11


https://pen2print.org/index.php/ijr/
https://pen2print.org/index.php/ijr/

e-ISSN: 2348-6848
p-ISSN: 2348-795X

International Journal of Research
Available at https://pen2print.org/index.php/ijr/

®
4

Volume 06 Issue 2

February 2019

Parameters Vakes

Nosunal gnd puck phase voltage, v, | 120V -::r‘l'? Cowverer

Gnd frequency f &0 Hz AT

Switching frequency. f | 12 kHz N o s > m?;; R Vada = | i
Cratpat filier mdwacsor, L, 10 mH Eessoodl 30 Cin —~ /""—’—‘TI—.‘_-‘R-_«—-. “—94 -L:“-.—'Zo
Outpist filier resaston. Ry 010 R SOMEREN - | S S

DC link voltage refrence, V. | 1000 V (et

Gnd isductoe, [ 3 mH T P

lrn 4 iductoe 7 2 3 mf [ G, G,

_Gid remishor. X, 118
_Load mductoe. L; | 30 mH

Load inductor. L, { mH o

Load capacuor, €y | 220 uF g d

Load resistor, & 19

Load resastar, 8- 80 Q . .

Load resistar, & | 550 Fig. 5. Block diagram of the current
Load resistor, R, 300

Lood reststor, B 00 control loop.

Load resastor, 8, 200 R . .

Lood reststor, R, | 1500 Consider the grid-tied four-leg
Load yesustor, 8y 2000

The inverter unit control system
consists of two feedback control loops [14].
The first loop demonstrated in Fig. 5 is a
fast loop controlling the output current,
showing that io,abcn can rapidly track their
respective reference commands io,abcn * ,
while io,n = is determined as io,n * = —(
io,a * + io,b * + io,c * ). The outer loop
depicted in Fig. 8 is a slower loop
regulating the DC-link voltage. The DC-
link keeps the power balance between the
power which is delivered to the system in
the output of the inverter and the power in
the DC-link. The desired inverter output
current is the summation of the active
current provided from the wind (iactive)
and the compensation of unwanted load
current disturbances delivered by the CPT
technique. The block diagram of the system
in the “s” plane shown in Fig. 5 is designed
in an abc frame based on the classical
frequency response analysis method.

inverter of Fig. 3 and the current control
loop block diagram of Fig. 5; the dynamics
of the AC-side currents io,cn (t) are
described by (16) and (17). Equation (16)
represents a system in which io,cn (t) are
the state variables, vo,abcn (t) are the
control inputs, and vpcc,abcn (t) are the
disturbance inputs. Based on (17), the
control input vo,cn (t) are proportional to,
and can be controlled by, the modulating
signal mo,abcn (t) illustrated in Fig. 2. The
transfer function of the current control
scheme, Gi (s), is determined as in (18). The
first step to perform the controller design is
to obtain the open-loop current transfer
function Goi (s) as expressed in (19) with
Ci (s) the controller of the current control
loop, consisting of a lag compensator as
(20), where the parameters of wz, wp and
kc are the zero, pole and the gain of the
compensator, respectively. Furthermore,
the voltage feed-forward compensation is
employed to mitigate the dynamic
couplings between the four-leg inverter and
the AC system, enhancing the disturbance
rejection capability of the converter system
[24].
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For DSP implementation of the control
system, in the next step, it’s suggested to
convert the functions of continuous plane
“s” to the discrete plane “z”. The Plant
transfer function in z-domain is obtained by
means of the z-transformation. The z-
transformation of a transfer function in s-
domain, combined to a Zero-Order Holder,
is given by (21). Transformation is made
using the relation z = es. . So, Gi (z) can be
defined as follows [24]:

Gi(s) =

Ci(s) =

S

Gi(ﬂ) = Z{

Gi(z)=(1-z31Z {Gif)}.

To allow the use of the frequency response
method design, the conversion of GPlant
(%) transfer function from “z” planeto “w”
plane is performed using the bilinear
transform shown in (23):

Ta
1+ ?W
Ty

—2w

z:

From where comes:

—0.0041w + 100
w + 10

Gi(w) =

(1- e-s-TﬂJsi(s)}_
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Fig. 6 presents a comparison between the
frequency response of system transfer
function Gi (s), and digitalized plant Gi (w).
It is noticeable that the frequency response
presents conformity up to 3 kHz, when the
phase error goes by substantial caused by
the zero added because of the digitalization
process.

The crossover frequency of the current
controller is chosen to be one tenth of
switching frequency. For fci = 1.2 kHz,
@PMi=72°and fz = fcil0/~ 120 Hz, the
rest of parameters in (20) are calculated as
fp = 106.6 Hz and kc = 80.88. The
frequency response of the open loop
transfer function is illustrated in Fig. 7. It
can be seen that at cross over frequency, the
open loop gain of 0 dB and the phase
margin of 72° are obtained.
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1

Fig 4. 7. Bode plot of the open loop
current transfer function.

The output current behavior of the grid-tied
four-leg inverter can be described by (25).
It can be seen that the output current only
depends on the reference current. In other
words, under the feed-forward
compensation, the converter system is
equivalent to an independent current source
as viewed by the AC system.

. . Ci(s)
fo(s) = L¢s + Ry + Ci(s)

For digital implementation of the control
system in the z-domain, the controller of
(20) is discretized by the bilinear transform
with a sampling time of T's that is also the
switching period [24]. Therefore, the
controller transfer function (z) can be
expressed as (26):

721z — 67.7
z— 094

Ci(z) =

The current reference, iactive,c , is used to
inject the active power delivered from the
wind through the inverter. The waveform of
the active current reference is defined from

ir(s).
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the fundamental component of the
measured load voltage, wvpcc,c f
configuring sinusoidal current. Therefore,
the active current is a pure sinusoidal
current, in phase with the fundamental
component of the instantaneous load
voltage. Dimensioning of the DC-link
voltage controller is determined by the
transfer function between the defined
current reference and the DC-link voltage.
From power balance of the inverter
terminal, we have:

Pac +Pwind +Pcap = 0.

3
\f ’ : a 0
E "Pfc,abclmive.abr + Va‘cldc T Vdclcapacitor =0.

where icapacitor is the DC-link capacitor
current and 3/2 factor comes from the
average ac power flow using peak values
and vpcc,abc f represents the fundamental
component of the PCC voltage.
From (28) the current through the capacitor
is:

_ 3v ;ccjabc [.activej abc
capacitor — ZVd tlge |

C

l

The same current in terms of voltage across
the capacitor is given by:

dV,,

le apacitor

CacTgr -

From (29) and (30) the differential equation
for the DC-link voltage becomes:

Based on (31) the DC voltage is regulated
by controlling the active current iactive,c .
The block diagram of the DC voltage
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control loop is shown in Fig. 8. The DC-
link voltage

f
dVdc _ 1 3Upccjabc[actiuejabc

—= +1
it Cy 2, ic)

controller Cvdc (s) is multiplied by —1 to
compensate for the negative sign of DC bus
voltage dynamics. We will select the
bandwidth of DC voltage loop to be less
than two orders of magnitude smaller than
that of the current loop.

%

AT ek

i+~ [ gt = 7 + S EEEE
—{ L 2_‘:—' G —— 1 e —a—-l Lo
-4 | i = |

i | (imex
Ninsitegy ) . v, (ablog

(molr ©

Fig. 8. Block diagram of the DC voltage
control loop.

Therefore, the closed current loop can be
assumed ideal for design purposes and
replaced by unity. The transfer functions of
DC-link voltage control scheme, Gvdc (s),
is presented in (32). The open loop transfer
functions of the DC voltage control loop,
Govdc (s), is presented in (33) with Cv (s)
the controller of the DC voltage control
loop, consisting of a Proportional Integral
(PI) compensator as in (34), where the
parameters of kp and ki are the
proportional and integral gains of the
compensator, respectively.

3 U; co,iabe 1
dec decS
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Govdc(‘g) = C:s- (S)Gudc(s}
C.(s) = oS K
5
For DSP implementation of the DC-link
voltage control scheme, Guvdc (s), is
converted from continuous plane “s” to the
discrete plane “z” in (35). To allow the use
of frequency response method design, the
conversion of Gvdc (z) transfer function
from “z” plane to “w” plane in (36) is

performed, using the bilinear transform of
(23).

6ucle) = (-3

—0.00225w 4+ 54
Gudc(w) - W .

The crossover frequency of the DC voltage
loop is chosen to be fcvdc = 6 Hz and the
phase margin @PMuvdc is selected to be
60°. We can compute that kp = 0.6 and ki
= 13.12 Fig. 9 shows the frequency
response of the open loop DC-link voltage
control scheme. It can be seen that at cross
over frequency, the open loop gain of 0 dB
and the phase margin of 60° are obtained.
The DC-link voltage controller Cv (s) is
also discretized for digital implementation
using the bilinear transform with a
sampling time of Ts that is also the
switching period [24]. Therefore the
controller transfer function (z) can be
expressed as follows:
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CONCLUSION

This paper addressed a
comprehensive control method for a back-
to-back wind turbine system connected to
an industrial plant. The control uses the
four-leg inverter at the grid side to supply
available active power from the wind
turbine  system along  with  full
compensation of load current disturbances.
The main contribution is based on CPT to
impress the set-point reference and impose
disturbances mitigation, which adds
significant flexibility to the control
structure. The control structure was tested
with  a  comprehensive  real-time
benchmarking case-study with hardware in
the loop. The control algorithms were
compiled inside our TI DSP and validated
using the real-time system “Opal-RT”. The
algorithms were debugged and are ready for
experimental validation in a retrofitting of a
wind turbine (future work). The results
showed good performance of the algorithm
and the THD was improved for all different

Volume 06 Issue 2
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operation conditions. The results support
the system presented here which can avoid
installation of active filter hardware by the
utility or by the industrial consumer.
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