i?‘lg electronics

Article

A New Grid-Connected Constant Frequency Three-Phase
Induction Generator System under Unbalanced-Voltage

Conditions

Mohammadreza Moradian 1'2*(), Jafar Soltani 3, Gholam Reza Arab Markadeh 4, Hossein Shahinzadeh °

and Yassine Amirat *

check for

updates
Citation: Moradian, M.; Soltani, J.;
Arab Markadeh, G.R.; Shahinzadeh,
H.; Amirat, Y. A New
Grid-Connected Constant Frequency
Three-Phase Induction Generator
System under Unbalanced-Voltage
Conditions. Electronics 2021, 10, 938.
https:/ /doi.org/10.3390
/electronics10080938

Academic Editors: Hafiz Ahmed,
Mohammad Amin and
Mohamed Benbouzid

Received: 12 March 2021
Accepted: 13 April 2021
Published: 14 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Electrical Engineering, Najafabad Branch, Islamic Azad University,

Najafabad 85141-43131, Iran

2 Smart Microgrid Research Center, Najafabad Branch, Islamic Azad University, Najafabad 85141-43131, Iran
Faculty of Electrical and Computer Engineering, Isfahan University of Technology, Isfahan 84156-83111, Iran;
j1234sm@cc.iut.ac.ir

Department of Engineering, Shahrekord University, Shahrekord 88186-34141, Iran; arab-gh@eng.sku.ac.ir
Department of Electrical Engineering, Amirkabir University of Technology (Tehran Polytechnic),

Tehran 15916-34311, Iran; h.s.shahinzadeh@ieee.org

6 L@bISEN, ISEN Yncréa Ouest, Brest Campus, 20, Rue Cuirassé Bretagne, 29200 Brest, France
Correspondence: moradian@iaun.ac.ir (M.M.); yassine.amirat@isen-ouest.yncrea.fr (Y.A.)

Abstract: This paper presents a new constant frequency, direct grid-connected wind-based induction
generator system (IGS). The proposed system includes a six-phase cage rotor with two separate three-
phase balanced stator windings and a three-phase SV-PWM inverter which is used as a STATCOM.
The first stator winding is connected to the STATCOM and is used to excite the machine. The main
frequency of the STATCOM is considered to be constant and equal to the main grid frequency. In
the second stator winding, the frequency of the induced emf is equal to the constant frequency, so
the generator output frequency is independent of the load power demand and its prime mover
speed. The second stator winding is directly connected to the main grid without an intermediate
back-to-back converter. In order to regulate the IGS output active and reactive power components,
a sliding mode control (SMC) is designed. Assuming unbalanced three-phase voltages for the
main grid, a second SMC is developed to remove the machine output’s negative sequence currents.
Moreover, a conventional PI controller is used to force the average exchanging active power between
the machine and STATCOM to zero. This PI controller generates the reference value of the rotor
angular speed. An adjustable speed pitch angle-controlled wind turbine is used as the IGS’s prime
mover. The effectiveness and capability of the proposed control scheme have been supported by the

simulation results.

Keywords: cage-rotor induction generator; STATCOM; wind turbine; sliding mode control

1. Introduction

The use of wind energy by the electrical power generation industry has significantly
enhanced in the past two decades. Today, use of wind energy conversion systems (WECSs)
for distributed generation, especially in remote areas with weak networks, has grown
significantly [1]. During the development of wind-based power generation systems, a new
type of generator system has been introduced which supports the improvement of the over-
all system performance and ensures a higher cost-effectiveness of the system. Nowadays,
the wound-rotor doubly fed induction generators (DFIGs), the brush-less DFIGs (BDFIGs),
the cage-rotor induction generators (CRIGs), equipped with full-rate back-to-back (BTB)
converters, and the permanent magnet synchronous generators (PMSGs), equipped with
full-rate BTB converters, are the most widely used generators in WECSs [2,3]. The CRIGs
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have some advantages such as low price, simpler structures, high ruggedness, less depreci-
ation, and more reliability compared with the others [4,5]. The most important weakness
of this generator is its poor output voltage and frequency regulation characteristics, which
are influenced by the generator prime mover angular speed varying as well as by the
generator load power demand changing. In addition, the magnetizing reactive power of
CRIGs has to be supplied by a reliable source [6]. These problems can be directly solved by
using a full-rate intermediate BIB converter. However, such BIB converters are expensive,
especially in high-power rating systems. Although some solutions were proposed in the
literature to solve the mentioned problems, there is a need to introduce a CRIG-based
system that produces an intrinsically constant frequency, independent of the prime mover
speed and the load power demand. Thus, the converted energy supplied the local load or
the main grid can be achieved without a BTB converter.

All of the above-mentioned generators can be operated as standalones or as a grid-
connected generation systems. These systems employ different controllers in order to
increase the energy conversion efficiency, enhance the power quality, and solve the system’s
particular problems [7-14]. Lack of symmetry in the three-phase voltages is one of the
common phenomena in the remote areas with weak networks due to the presence of single-
phase or unbalanced three-phase loads [15-17]. In such conditions, the negative sequence
currents will be flown in the generator windings and the network. These extra currents
not only bring about power losses in the network, but they also lead to the formation
of power and torque pulsations, the machine overheating, and reductions in efficiency
and lifetime [18,19]. Therefore, some research works have been carried out to remove
the negative sequence extra current and some more control targets in different types of
generators [20-28].

In Reference [24], based on the instantaneous power theory, a control scheme in an
unbalanced microgrid is reported for a doubly fed induction generator. The rotor-side
converter was controlled for mitigating the torque and reactive power pulsation, while
the grid-side converter was controlled for partial compensation of unbalanced stator
voltage. In Reference [25], a combination of a voltage-modulated direct power control
with an extra shunt compensator for the DFIG systems is proposed under unbalanced grid
conditions. The method can provide a regulating property of the negative sequence output
currents. Moreover, the control method guarantees a satisfactory steady-state performance
by providing symmetrical stator currents and suppresses the ripples in both active and
reactive powers under unbalanced grid conditions. A resonant-based back-stepping direct
power control scheme is reported in [26] for a DFIG under both balanced and unbalanced
grid conditions. This control method tried to achieve three control targets:

e  to obtain constant active and reactive powers without a ripple;
e to obtain constant electromagnetic torque and reactive power without a ripple;
e to obtain a symmetrical and sinusoidal stator current.

In Reference [27], a negative sequence compensation control scheme is studied for the
magnetizing current in a DFIG. The reference value for the current is modified to have a
negative sequence compensating component for the magnetizing current. To minimize the
ripple in power and electromagnetic torque, the rotor-side converter is controlled to remove
the pulsations in magnetizing current. Additionally, the grid-side converter is employed to
maintain unity power factor and a constant DC-link voltage. It was shown that choosing
the magnetizing current as a single control target enabled simultaneous reductions in
pulsations in torque, power, and DC-link voltage and also minimized unbalance in currents.
A stator/rotor current vector control of a doubly fed induction generator connected to
the unbalanced three-phase voltage power grid is presented in [28]. The selected control
targets were considered as fixed electromagnetic torque and symmetrical stator or rotor
current. These vector control schemes did not use a separate negative sequence calculator
and controller. On the other hand, signal filtration is employed to achieve the positive
sequence components of variables.
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A new CRIG-based WECS with a fixed output frequency, independent of the generator
shaft speed and load power demand, is introduced in [29,30]. This induction generator
system (IGS) is composed of a six-phase CRIG with a stator consisting of two three-phase
balanced winding sets along with an SV-PWM inverter operating as a STATCOM. The first
three-phase stator winding set, called exciting winding (EW), is connected to the STATCOM
and used to excite the generator. The second stator winding set, used as the generator
outlet and called power winding (PW), is directly connected to the local load. The control
system based on conventional PI controllers [29] or sliding mode controllers [30] is used to
regulate the three-phase generator output and DC-link voltage in symmetrical conditions.

This proposed generator is used as a remote WECS under the unbalanced three-
phase local load condition [31]. The conventional PI controllers were employed for three
different control targets. The first one is to regulate the load positive sequence voltage while
simultaneously removing the load negative sequence voltage. In the second and third
control targets, the positive sequence voltage is regulated while simultaneously removing
the load either negative-sequence-current or active power double-frequency-component.

Although the induction generator system presented in [29-31] can be used either as
an isolated or a grid-connected distributed generation system, only the isolated mode of
operation is reported either in balanced or unbalanced three-phase local loads. Therefore,
the main aim of this paper is to evaluate the performance assessment of this new induction
generation system in the grid-connected mode of operation.

In this paper, the recently discussed SCIG is used in a grid-connected asymmetrical
condition. In order to regulate the IGS output’s active and reactive power components,
a sliding mode control (SMC) was designed. This controller determines the STATCOM
positive sequence reference voltages. Upon assumption of network having unbalanced
three-phase voltages, a second SMC was developed to remove the generator output’s
negative sequence currents injected into the network. In addition, a PI controller was
employed to force the average active power, exchanged between the STATCOM and the
EW machine, to zero by determining the rotor reference speed. An adjustable speed
wind turbine with a pitch angle controller was used as the prime mover of the generator.
The proposed IGS is simulated by a C++ computer program under either symmetrical
or asymmetrical three-phase grid voltage conditions. The simulation results verify the
effectiveness and capabilities of the proposed system.

2. Induction Generator System Model

Figure 1 shows the overview of the proposed IGS. Based on this figure, the IGS
modeling can be described in the following:

2.1. Machine Model

The space vector of a general variable for a three-phase machine in a stationary
reference frame is defined by [32]:

— 2 . i2m
fi= 3 fai +afoi +a’fi) = fy+ifsa=e3 @

where f; refers to voltage, current, and linkage flux; superscript s denotes the stationary
reference frame, and subscript i is referred stator (i = s) or rotor (i = r) variables.
The space vector 1715 in a synchronous reference frame can be defined as [32]:

fi = fo+ifs = Fre 7! @)

where superscript e denotes the synchronous reference frame and machine synchronous
electrical angular speed is defined as w,.
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As Figure 2 shows, the two three-phase stator windings are located in the « electrical
degree spatial phase related to each other. Based on Figure 3, the IGS voltage space vector
equations in (4°,4°) synchronous reference frame are described by [29]:

e

Egl = )\51 + RSlZl +](U6X§1 (3)
€ - —
7% = Ag + Relg + jweds 4)
e _ —
% =X, + Redy + j(we — wy)A, ®)
with
v 4 4 ]‘tx =€
Ag1 = Lg1igy + Linigne!® + Lyi, (6)
Ao = Lindge 1 + Logigy + Lyiye 1" @)
X = Ly + Ll + LT ®
Ls1 = Lis1 + L
Ly = Lisp + Lm )
Ly =Ljy+ Lm

where subscripts s1, s2, and r refer to the EW, PW, and rotor variables; electrical angular
speed is defined as wy; 7%, 7%, 7% are voltages of the machine in space vectors; o1, Aca, Ay
are machine linkage fluxes in vector space; er Zz/;i are currents of the machine in space
vectors; and Rg1, Ry, R; are the stator and rotor winding resistances. In addition, L, is
spatial magnetizing inductance, Lis7, Ljs), Lj, are leakage inductances of machine windings,
and Lgg, Ly, L, are spatial machine self-inductances. It is necessary to mention that EW and
rotor parameters are on the PW side.

Balanced or Unbalanced Grid
Re

e

o) Power |
) Winding |

Cage O B
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Figure 1. The overall configuration of the system.
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Figure 3. Representation of generator windings in (d°,4°) reference frame.

The PW generator is assumed to be connected to the main grid via an (R.,L.) interface
impedance. For this case, the grid connection space vector equation in (d°,4°) reference
frame is described by:

- e ~
U = TG — Relgy = Leigp — fLewelsy (10)
where ¢, is the space vector of three-phase grid voltages. Additionally, the mechanical

equation of the machine is:
Jom = Ty — Te — Bwm (11)

with 3
I = 5( gsziZSZ - )‘ZSZiteisZ) (12)

where T, is electromagnetic torque of the generator; Ty, is prime mover torque of the
generator; wy, is the mechanical angular speed of the machine; | is the rotor moment of
inertia; B is the friction coefficient.

2.2. Generator State Space Model

The state-space equation of the machine can be defined in matrix form as follows:

X=F(X)+G(X)U (13)
with
€ € A€ Ae je 14 T
X = [ Igs1 ldsi gs1 ds1 lgs2 lgs2 Wr } (14)
(4 e T T
U= [ Ugst Uas1 Lrur } (15)
F(X) = [fifofsfafsfofr) (16)
aipr 0 1 0 apy —axp O T
G(X) = 0 a1 0 1 ap ay O (17)
0 0 00 0 0 3
where f; functions and a;; coefficients are given in the paper’s Appendix A.
2.3. Wind Turbine Model
The mechanical power developed by a wind turbine is given by [33]:
1
Py = EpanCP(A/,B>V3;ind (18)

where the turbine output power is shown as P; air density is defined as p; the radius of
the turbine blades is shown as 7; V4 is the wind speed; Cp(A,B) is the power coefficient of
the wind turbine; {3 is the pitch angle of turbine blades; A is the tip speed ratio defined as:

rw;f
)\ =

19)
Vwind
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where wy is the angular speed of the turbine shaft. The power coefficient of the wind
turbine is given as [33]:

C, = (0.44 — 0.0167B) sin( A =8) ) 0001848(1 — 3) (20)

15— 0.3p

Additionally, the wind speed turbulences are considered as:

. 27t
Vwind = Vuv[l + 0.02(811’1(

27t . (@ . 207t
5 5

) +sin(—2=) +sin(——))] (21)

where V4, is the average amount of wind speed.
3. Sliding Mode Controllers
3.1. Positive Sequence SMC

An SMC was designed to regulate the generator output active and reactive power
components in the following way:

T T
vl o= Q] @
T
U+ = [ MT ”; ]T = |: vs;:—ref Us:;—ref :| (23)

where subscript G refers to the grid and + refers to positive sequence components; v;jHe y
and 0°f , are the STATCOM positive sequence reference voltages.

The following error signals were used:

eh(t) = Q¢ — QG —ref
where Pg_ ref and QJGF_ ref are the reference values for the grid absorbed powers.
Aligning the d®-axis of the reference frame along the main grid positive sequence
voltage position, the g®-axis of the grid voltage positive sequence, ZJ;FG will be zero and
SMC outputs could be formulated as:
3 ; ; — 13 i
PY = J5Li + o) = o5t o
%( e+ e+ e+ -e+) — _ 3 etet

+ _ _ 2
Q¢ = 2(Vaciyc — Ygctac) = —2%cGlG
with
=it
S.
i (26)
dG = “las2

Choosing the following sliding mode switching surfaces:

0S| epg(t) F k[ epo ()t
S12 = [ 5 ] = l e (1) + Ky [ et (1)t @7

where the kq, and kj, are positive and constant coefficients. In the sliding manifold and
slide along the surface, the system can be defined as [34]:

S;p =S5, =0 (28)

Combining Equations (24)—(28) and (13) results in:
§, — S1 _ | | " D11 D2 U;;ﬁ _ H., + DU* (29)
" S Ha —Di» Dui || o9 =
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with
Dy = —3axn05E
D1y = 3ax 05}
H, = %UZE (112302?2 — a25i;:1 + a24i25+1 —ayA

e
q

From Equations (28) and (29), the equivalent SMC control effort is obtained as:

+ Dy Dp]l '[H
Ut = | e } _ _{ 11 12 } [ 1 } 31
o { Upy —D1p Dn Hp (31)

et (30)

e+ e+ e+ +
g1 T A26A 00 — a20i sy + angih) + kipepg

— _3et + e+ e+ e+ e+ et e+ +
Hy = =305 (a230755 + anaiogy + ansiag + aaeAog + axzAyg + assiyg + axigs ) +kiges

where U}, is the vector of the STATCOM positive sequence equivalent reference voltages.

Equation (31) can be changed to the following equation to guarantee the sliding mode
reaching phase [34]:

" -1
Uq _ D11 DlZ H] sz 0 sat(Sl) -l
[“f } a [ —D1, Dn ] H H, } +[ 0 Ky || sat(Sy) |J D™ [Hip + Kopgsat(S12)] (32)
with
1S; > A

Kapg — { kayp 0 },sat(su) _ { sat(Sy) ],sat(si) — %|5i| <A (33)

0 sat(52) 18 < —A

=18 < =A;

where k;, and ky; are the sliding mode positive control gains and A; is the sliding mode
saturation bandwidth.
We used the following Lyapunov function:

1 1 1
V= 5sszsu = Es% + 555 >0 (34)
A derivative of V gives:
. 1.T 1.7 . .
V= 5812812 + 5512512 = 5151 4+ 5,57 (35)

Combining (29), (32), and (35), V is reduced to:
V = ST2S12 = —ST2K2pqSﬂt(Slz) = —szslsat(sl) — quSZSat(Sz) < 0 (36)

Equation (36) shows that Visa negative definite function and as a result, the designed
SMC is asymptotically stable.

3.2. Negative Sequence SMC

Assuming a main grid with unbalanced three-phase voltages, an SMC was designed to
eliminate the generator output’s negative sequence currents. We introduced the following
input-output vectors:

P
Y=[v v =|ic i | 37)
. _ T - _ T
U = [ ul uz ] = [ vSslfrej vﬁsl—ref i| (38)

Using the following error signals:

{ qu(t) =iy 0 (39)
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where 126 and i are the negative sequence currents, injected into the grid with zero
references. Sliding mode switching surfaces were introduced as:

1S3 ] | e (t) +kug [ e (t)dt
534 o |: 84 :| N [ eig(t) +k1idf3£(t)dt (40)

where kliq and ky;; are the SMC positive constants. The system in the sliding manifold and
slide along the surface can be defined as [34]:

S34 =834 =0 (41)
Combining (13), (26) and (39)—(41) gives:
. C e_
Su=| 2| = [ e } - { a2 } st | = Hyy + AU™ 42)
S4 H, —ay axn || v,
with

_ e— ie— ie— e— e— e— e— o
Hz = 423Vg50 + 0241561 a5l + a26/\qsl + a27/\d51 + 428157 + a9l + kllqeiq

_ e— e— e— e— e— e— e— =
Hy = 4230550 — a25lqsl + gl — a27/\qsl + a26/\d51 B a29lq52 + a8l + klldeid

(43)
From (41) and (42), the equivalent SMC control effort can be obtained as:
- “1r g
I - I
Uy —axp 42 H,
where Uy, is the vector of STATCOM negative sequence equivalent reference voltages.

Using Equation (44), the following control action was used to ensure the sliding mode
reaches the phase [34]:

[ Z;: } N _[ —a;:lzz Zii ]_1{{ gj } + { k?)iq kg«d ] [ zz;gz; }} = —A"![H34 + Kpisat(Szq)] (45)
with o — { kaig 0 ] sat(Syy) = [ sat(S3) } )
& 0 kya | * sat(Sy)

where k;; and ky;; are the sliding mode positive control gains. Nominating the following
Lyapunov function:

1 1 1
V= 5s§4534 = Esg + Esﬁ >0 (47)

Taking the derivative of V results in:
. 1.T 1.7 . .
V= 5834834 + 5534534 = 5353 4+ 5454 (48)
Combining (40), (42), (45), and (48), V is reduced to:
V = 85,834 = —S1,Kpisat (Sau) = —kaiS35at(S3) — kpigSasat(S4) < 0 (49)

It can be said that in Equation (49) V is a definite function and positive, and therefore
the designed SMC is asymptotically stable.

4. Simulation and Results

Considering the 1.8 kW six-phase CRIG shown in Table 1 with a regulated speed wind
turbine based on a pitch angle controller [34] and also the mentioned theory in the previous
sections, a C++ computer program, using the static fourth-order Runge-Kutta method,
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was developed to solve nonlinear differential equations of the machine. The simulation
was implemented for both balanced and unbalanced three-phase voltages of the main grid.

Table 1. Generator parameters.

Number of Pole Pairs Pole 1
Frequency F, 50 Hz
Power Py 1.8 kW
Both stator line voltages Vi 380V
Both stator line currents I 35A
Stator EW resistance Rg1 240
Stator PW resistance Rs» 24 Q)
Rotor resistance R, 410
Stator EW leakage inductance L1 11 mH
Stator PW leakage inductance Lis» 11 mH
Rotor leakage inductance Ly, 11 mH
Magnetization inductance L 374 mH
EW and PW spatial phase difference « 30°¢
Inertia momentum ] 0.038 Kgrn2

4.1. Balanced Grid Results

The voltage build-up process occurred in a standalone no-load condition during
the first 1 s and the generator connected to the main grid at t = 1 s. The main grid’s
balanced three-phase voltages are shown in Figure 4. Considering the active and reactive
power reference values as (P*g_r = 700 watt and Q" ;s = 300 var) at t = 1 5, the steady-
state generator output voltage and current waveforms obtained for this test are shown in
Figure 5. Additionally, STATCOM waveforms such as voltage and current are shown in
Figure 6. It should be noted that a low-pass L-C filter with a cut-off frequency of 1 kHz was
utilized to connect the three-phase STATCOM to the EW. This filter is capable of filtering
out the STATCOM high-order harmonics and as a result, nearly a pure sinusoidal rotating
flux density wave was obtained.

500

E t"\\ 77, .(,-" 7~ / ,r‘\).,-' _vaG

., \ / N, 3
) of.s ‘ N 5 "\ o, \ L)V

s ‘.xl \ / \ -,(/ \ "/’ \ / bG

S° o N N N N ch
-500

2 2.02 2.04 2.06 2.08 21
Time(s)

Figure 4. The grid’s three-phase balanced voltages.

500
< .. ~ .o o o —_V
a m’ \\:\.' 3 - \x.’ . /"\yc 5 4~ ‘\‘,o o, as2
DI | AN <% k. SN o &N Nl N\ eV
é NGNS ; 7 G LTNE ‘_,', N .', 7 bs2
© L7 N ) Ol R4 o
> 500 cs2
2 2.02 2.04 2.06 2.08 21
2 N s\
_ . ", 220 Y - J—
z \ /\ \ ﬂ, G ico
5 oo LN LN
P 5 VARV AL ] bs2
g ) %) i
= | AN EAND AN ! Ios2
22 2.06 2.08 21
Time(s)

Figure 5. The PW three-phase output voltages and currents.
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500
S m“"s\.."‘"o.‘ /‘Xr“\’,"'«" K N‘x_.»‘ " KY‘ ‘\cv.v""-._ ) —_V ast
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2 \ \ “'.,l' ..’ ST\ YN AV AR bs1
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I3 cs1
~2 2.02 2.04 2.06 2.08 2.1
Time(s)

Figure 6. The EWthree-phase voltages and currents.

Assuming the same condition as mentioned for the first test, reference values of power
demands were stepped up to (P* g r,r = 1200 watt and Q" g_,f = 500 var) at t = 4 s, and finally
stepped down to (P*G_,gf =500 watt and Q*G_,gf =350 var) at t = 7 s. The simulation results
obtained for these tests are shown in Figures 7-10.

500,

(Watt)
(=]
L o

s1

P

-500

2000,

=

(VAR)

1000 |

s1

Q

Time(s)

Figure 7. EW input powers.

1500

kS

2 1000
k]
S

o

0 2 4 6 8 10
Time(s)

Figure 8. The powers delivered to the grid.

Figure 7 shows the STATCOM output active and reactive power waveforms. It can
be seen that the exchanged active power between EW and STATCOM is zero. Figure 8
represents the active and reactive powers absorbed by the grid. Additionally, Figure 9
shows the wind linear speed and wind turbine pitch angle variations. Moreover, the rotor
electrical angular speed is shown in Figure 10.
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Figure 9. (a) Pitch angle of wind turbine blades; (b) the wind speed.
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Figure 10. Rotor angular speed in electrical rad/s.

4.2. Unbalanced Grid Results

Considering unbalanced three-phase voltages for the grid as shown in Figure 11 and
assuming the same conditions as mentioned in balanced grid mode, the simulation results
are shown in Figures 12-17.

500,
0] 0 / SN ' ) :‘\ o S\ 4 o\ ] e V
8 £ NG NN NG NN bG
>" ho? et h A S, L IR N e N IRV
500, oo
2 2.02 2.04 2.06 2.08 21
Time(s)

Figure 11. The grid’s unbalanced three-phase voltages.
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Figure 12. The EW unbalanced three-phase voltages and currents.
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Figure 13. The PW unbalanced three-phase output voltages and currents.
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Figure 14. The EW machine’s input powers.
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Figure 15. Powers delivered to the grid.
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Figure 16. (d°,4°) components of excitation voltages and currents.
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Figure 17. (d°,4°) components of generator output voltages and currents.

As is shown in Figures 14 and 15, the active and reactive powers obtained for generator
windings are composed of a DC part and a double frequency sinusoidal waveform. The
double frequency oscillations resulted from the interaction between voltage negative
sequence and current positive sequence components.

Additionally, the two-axis components of EW and PW voltage and current waveforms
in the synchronous reference frame are demonstrated in Figures 16 and 17. As can be seen,
only the generator output current components in (d°,4°) are purely DC. The other variable
waveforms consisted of a DC value superimposed with a double frequency (100 Hz)
sinusoidal term. It is worth mentioning that the DC term refers to the positive sequence
and the double frequency part refers to the negative sequence of corresponding variables.

As can be seen in the results, the sliding mode chattering is significantly low. This is
due to the use of a narrow bandwidth sliding mode saturation layer and a low-pass filter
in software.

5. Conclusion

In this paper, a new three-phase IGS with a constant frequency, independent of rotor
speed, has been proposed as a distributed generation in local networks or the main one.
This IGS employs a six-phase CRIG with two separate three-phase stator windings. The
first stator winding set is connected to an SV-PWM inverter, operating as a STATCOM,
to excite the machine. The second stator winding set is directly connected to the main
grid. The proposed IGS is capable of regulating the generator output active and reactive
powers. Moreover, upon assumption of network having unbalanced three-phase voltages,
the proposed IGS is capable of removing the generator output’s negative sequence currents.
An SMC has been designed to regulate the generator output’s active and reactive powers
and a second SMC has been developed to eliminate the negative sequence of PW currents.
Additionally, in order to force the STATCOM to only feed the reactive power to the machine,
a conventional PI controller was employed to generate the rotor angular speed reference
value. An adjustable speed pitch angle-controlled wind turbine was used as the IGS’s prime
mover. The effectiveness and capability of the proposed IGS in balanced and unbalanced
network voltage conditions have been verified by the simulation results.
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Appendix A
IGS model functions and coefficients:
f1 = alzvgsz + a130252 + ﬂ14i251 + a15issl + ”16)‘251 + ﬂ17)\251 + alSi;sZ + 01191'252
fa = —a13V05 + 1205 — A15i0g + iy — A17A0 T B16A gy — A19100 T A8l
fz = _R51igsl B we)\teisl
fa= _R51izeisl + wﬁ)\ssl
f5 = 0300 + A4igy + a5l + Al + a7 ALy + assipg + ariyy,
fo = 23055, — a2510g + Anaigy — a27A0g + a26A 56 — a29ipg + ansiye,
f7 = [_73()\2521'252 B )‘SSZizeisZ) - Bwr]/]
a11 = (LyyLm + LisaLy) / [Ln(Lis1 Liy — G3Lis2)]
a2 = —Ly, cos(a)/(GsLisa — Lysy Liy)
a3 = Ly sin(a)/(GsLisp — Lis1Lyy)
a14 = [Rs1LyyLim + Liso(Rs1Lr + RrLs1)]/ [Lin(GsLisp — Lis1 Ly )]
115 = [weLis1 Ly — G3(we — wy)Lisp] / (GsLisy — Lisy Liy)
116 = —RyLisp/ [Lm(G3Lisp — Lis1 Ly )]
117 = wrLyLisp/ [Lm(G3Lisp — Lis1Lyy)]
aig = [(RV COS(“) (we “JT)LZr Sln(“))Llsz - (RSZ COS(“) — welLis Sin(’x))Llr]/(G?)LlQ - Lllelr)
a9 = [(RY Sin(a) + ((’JE wV)Llr COS(&))LISZ - (RsZ Sin(‘x) + weLlsZ COS(D‘))LH]/(GBLISZ - Lllelr)
az1 = — COS(DC)(CGLWI + Lllei’) [ (G3Lls2 - Lllelr)]
azy = sin(a)[G3Lm + Lis1 Ly]/ [Lin(G3Lisp — Lis1 Lyy)]
a3 = G3/(GsLisp — Lis1Lyy)
24 = [Re1LyLisy cos(a) — (we — wy)GaLigi Ly sin(&) + Ry Ly Lysy cos(a) + (Rsq cos(a) + weLysy sin(a)) Ly G3]
/[Lm(GC’)LlsZ - Lllelr)]
az5 = —[(Rs1Lisi Ly sin(a) + (we — wy)GaLisy L cos(a) + RyLysi Ly sin(a) + (Rs sin(a) — welisy cos(a)) Ly Gs3]
/[Lm(G3Lisz — Lis1Lyy)]
26 = Lis1 [~ Ry cos(a) + wr Ly sin(a)]/ [Lm(GsLis2 — Lis1 Lir)]
az7 = Lis1[Ry sin(a) + wyLy cos(a)]/[Lm(GsLisa — Lis1 Liy)]
a8 = (RyLis1 — G3Rs2) /(G3Lisp — Lys1Lyy)
a9 [(“‘)6 WV)Llsl Ly — GSWELISZ]/(GSLISZ —Lis1 Llr)
Gso = (L3, — Ls1Ls) /L
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