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Abstract: The control system for a Doubly Fed Induction Generator (DFIG) supplied by a grid-
connected Current Source Converter (CSC) is presented in this paper. Nonlinear transformation of
DFIG model to the multi-scalar form is proposed. The nonlinear control strategy of active and reactive
power of DFIG is realized by feedback linearization. In the proposed control scheme, the DFIG
model and CSI parameters are included. Two Proportional-Integral (PI) controllers are dedicated for
the control of the respective active and reactive powers. The control variables are the dc-link input
voltage vector and the angular speed of the inverter output current. The proposed control approach
is characterized by satisfactional dynamics and provides enhanced quality of the power transferred
to the grid. In the simulation, evaluation of the characteristic operating states of the generator system,
correctness of the feedback linearization and the dynamics of active and reactive power control loops
are studied. Simulation results are adequately provided.

Keywords: Doubly Fed Induction Generator; wind power generation; current source inverter;
nonlinear control; sensorless control

1. Introduction

The trend in electric power generation distinctly shows a transition from using exclu-
sively large-scale electric power plants based on traditional energy sources (e.g., coal, crude
oil) to renewable energy generation systems, such a solar, hydro, and especially wind farms.
Rapid exhaustion of traditional energy sources results in a hike in fuel prices and gross
level of environmental pollution. These conditions set the direction for the development of
renewable electrical energy sources.

The electromechanical conversion of energy in such systems is carried out either by
Permanent Magnet Synchronous Machines (PMSMs), Induction Generators (IGs), or Self-
Excited Induction Generators (SEIGs). The main reasons for using Doubly Fed Induction
Generators (DFIGs) as a variable-speed drive for wind turbines are: reduction of stress in
the mechanical structure, acoustic noise reduction, and the possibility to control active and
reactive power. Also, they have been widely adopted in wind energy conversion systems
since the early 1990s because of the advancement and low-cost power electronic converters.
The back-to-back converter in the rotor circuit is rated only to about 30-40% of the nominal
turbine power. To get the maximum efficiency and produced power, the control system
should choose an optimal working point [1,2].

Drive system designs with static power converters (CSIs) were popular in the 1970s
and 1980s [3,4], the operational concept was based on the control ‘angle of advance’. In
these circuits, thyristors were used as power switches. However, they had numerous
disadvantages, such as a complicated auxiliary supply system for thyristor and long
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switching times. Recently, these solutions have been replaced by Voltage Source Inverters
(VSI), whose power switch devices are based on Insulated Gate Bipolar Transistors (IGBTs).

Presently, many reported works in the literature are showing the use of VSC in
the control of DFIG. These control methods apply: Vector-Oriented Control (VOC) with
stator flux orientation [5-9]; VOC with stator voltage orientation [10,11]; Direct Torque
Control (DTC) [12-15]; nonlinear control [16-19]; nonlinear control with Fuzzy Logic
Control (FLC) implementation [20,21]. Other methods of control are based on multi-scalar
modeling [22-25]. In a similar trend, several works also extend these listed control methods
in the case of Permanent Magnet Synchronous Motor being controlled with VSC [26-29].

The fast and tremendous advancement of power electronics technology has made
VSI-based power circuits to be popular for the past 20-30 years. Also, the improved
development in power semiconductor switching devices has led to the availability of fast
switching and easily controlled power switches; of which IGBT with serially connected
diodes called Reverse-Blocking IGBT (RB-IGBT) is predominant. In the literature, it is
obvious that works on new power electronic components for the CSI and the possibility to
reactivate their usage in different applications are described [30-36].

Few recently published papers address the technicalities in the operational features
and control of the DFIG-CSI system [37,38]. Most of these works deplored Field-Oriented
Control and therein, only theoretical studies were presented.

Compared to the drive system with VSI, the CSI-based drive system has a few positive
features. First, the cable length between the converter and the generator has minimal effect
on the operation of the supply system. Secondly, the occurrence of a short-circuit in the
rotor is a natural operating state of the inverter; so this is not a faulty condition. Moreover,
in the case of a short-circuit, the high choke inductance protects the system. Thirdly, it is
not necessary to use low-inductance connections between converter switching modules to
limit over-voltage on the transistors during fast switching. These properties simplify the
design of the converter considerably. The main disadvantage of CSI-based drive systems
is their sensitivity to open-circuit during operation; the occurrence of this leads to the
inducement of a high voltage and system damage. Moreover, the inductor in the DC-link
circuit (energy storage) can be of considerable size and expensive.

In this work, the CSI-DFIG system is considered. The nonlinear control approach of
the active and reactive power flow in the CSI-DFIG system is novel. The control structure
allows a reduction in the control complexity when compared [38]. In [38], the multi-scalar
transformation of state variables is introduced to fulfill the linear control feedback law.
Therein also, the control variables are the rotor current vector components; so this control
structure can be named the "current control". The main drawback of the aforementioned
‘current control” is that the dc-link current value is constant. The consequence of this is that
the power losses in the CSI are increased. To remedy this situation in this paper, the DC-link
current is generated from the average of actual stator active and reactive power values and
the rotor speed. Hence, the dc-link current has dynamic values during system operation.
Furthermore, the proposed control structure has only two PI controllers; whereas in [38],
the number of deplored PI controllers is five. Thus, the proposed control approach offers
quite a simplified control structure.

Herein, the control strategy can be named ‘voltage control’ because the control vari-
ables are the input voltage to the dc-link and the angular speed of the rotor current vector.
The main contribution of the paper is that in the proposed method there are only two PI
controllers of the active and reactive stator power with the new linearized feedback control
law in the control system structure. Also, the linearized control law provides independent
control of the stator active and reactive powers. The proposed nonlinear control structure
of DFIG with the CSI is compared with the classical Field-Oriented Control by using the
simulation results and quantitative approach based on the tracking errors.
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2. Doubly Fed Induction Generator System Model
2.1. Field-Oriented Control

The most popular approach to the control of DFIG has been taken from the squirrel-
cage machine. It is based on the field orientation (rotor or stator flux vector) of the machine
state variables [7,8]. The voltage and flux equations of the DFIG (stator and rotor), in the
Park reference frame, are derived directly from equations of the induction machine shown
in Appendix A.

Assuming that the d-q coordinate system is bound to the stator flux vector (as shown
in Figure 1), one can define ¥5; = 0 and ¥y = ¥s:

o
OR

ags

Figure 1. Coordinate system orientation for Field-Oriented Control.

Equations (A6) and (A7) can be written as:

11jsﬂl = Lsisd + Lmird (1)

Ys; = 0 = Lsisg + Linirg ()
From these equations, the stator current components can be formed as:

. 1 .
Isg = f(lFS - Lmlrd) 3)
s

isq = *L*irq 4)

S

The stator active and reactive powers are written in d-q coordinates:
Ps = Usglsq + Usglsq @)

qs = usqisd - usdisq (6)

Additionally, considering only steady state, one can assume approximations: ug; ~ 0
and usg = us ~ z—: After that Equations (5) and (6) can be rewritten as:

YLy .
= — 7
Ps waLs Irq ()
_ ¥ ¥l ®
s = wsLe  wsls ™
If one assumes that ws = 1(p.u.), one gets a simplified version of these equations:
YsLl .
Ps = —%lm )
_ ¥ YL, (10)
qs = Ls Ls rd

Finally, from Equations (9) and (10), one can deduce relations for rotor current components:



Energies 2021, 14, 1511

40f16

. Lsps
lyg = Y.L, (11)

ja= -5 __=5

T LT YL

Then, additional decoupling variables were introduced to improve the quality of

regulation (better tracking of setpoints and minimalization of errors). Those variables are

derived from active and reactive power equations. The final set of control variables for the
modulator block is as follows:

up = *i - L%mz (13)
upy = *%ﬂﬁ (14)
Variables m and m; can be defined as outputs of PI controllers:
m = ky (g — ps) + k,-/ (Pry — o)t (15)
a2 = kp(Quer = 5) + ki [ (Que —as)at (16)

where kj and k; denotes controllers gains, P,r, Qs are reference values of active and
reactive powers.

2.2. DFIG Control System Based on Active and Reactive Powers

In the latest literature, many articles present nonlinear control methods of Voltage
Source Converters in conjunction with Doubly Fed Induction Generator [16-19]. It is
easy to adapt those methods to the control system of DFIG supplied by Current Source
Converters. In the approach proposed by the authors, the dynamics of the Doubly Fed
Induction Generator in a vector form are represented in any possible reference frame
rotating at w, [23]. The authors have chosen reference frame x-y with x-axis oriented with
inverter output current vector i,:

d R RsLy, .
;lp'ts'x = _fs¢sx =+ %fo + Watpsy + Usx 17)
s S
d R RsLy, .
;p;y = _fswsy + %Hy — Walpsx + Usy (18)
S El

dipy  L?R,+L2R;. | RiLp ,
dr Loy ™ + Lsws Yox - (wa = wr)ing +

L L L (19)
- 7mwr1l«7sy + lhpx — —— sy
Ws ws ws
diyy L3R, + L2 R; . RsLy, ,
== - - +
dt Lsw Y Lew Yoy (wa = wr)ia
. sWs . SL ) (20)
m s m
+ uTé‘W’Psx + wi(sury %usy
dw L . , 1
dTr = TZ; (lpsxlry - lpsylrx) - ij (21)

and:
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ws = LsL, — L2, (22)

where R; and R, are the stator and rotor resistance, L, L,, L,, are the stator, rotor and
mutual inductance, 1/75, ils indicate stator flux and voltage vectors and i_;, il; represent
rotor current and voltage vectors, w, denotes rotor angular speed, w, denotes the angular
speed of rotation of the coordinate system. Figure 2 shows the vector orientation of the
reference frame.

fs

lrg R
Gif

OR

as

Figure 2. System orientation in g and afr coordinates.

Assuming that the control variables are the DC-link input voltage e; and frequency of
output current wj,, it is possible to maintain the reference values of powers. That approach
grants controllability of DC-link current and gives better use of grid power. Assuming
a very small output capacitance, one can define ury = uy, iy = izand i, = 0. The
equation describing the dynamics of the DC link will be:

diyx
dt

After taking into account Equation (23), the final set of DFIG differential equations in
rotating reference frame x-y is as follows:

Uy = €3 —irxRg — Ly (23)

d .
;p;x = a11Psx + A12lrx + (wi + wr)l/sz + Usx (24)
d
;P;y = a11Psy — (a)i + wr>¢sx + Usy (25)
disx .
it = bllwsx + Biyiyx + b13wr1/’sy + b1ausy + b15wi¢’sy — bigey (26)
dlsy
ar = by l/)sy - b22wil/’sx - bZBCUﬂ,st + b24”sy (27)
dirx .
T = Citlrx o+ C12fsx — C13@rsy + C1a€q — Cislisy (28)
dw, Ly . 1
=__m - 29
it JLs (¢sylrx) ImO (29)
where:
Rs RsLyy, Rs  R,L2 1 12 12 1
= ——, = , b = — | — m , b = — 71,”, b = m -—,
=Tt = e o 2t )T L T Ly M T LL L
1 Ly Rs 1 L2R, + L2 R + R,L2
b :—,b :7,17 :——,b :b :b = —, = 5 m S,
5= 06 =7 b 12 2 =023 = b2 = 11 12L,
RsLy, Lo L, RsLy  LyL2R, + L3R+ Ly RyL2
= -, = = —, = —, B = ,
c12 L.L, €13 = €15 L. C14 L, Dir 12 + 3L,

Ly = ws + LyLs
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The stator active and reactive power can be defined as:

Ps = Usxisx + usyisy (30)

s = usyisx - usxisy (31)

For steady-state operation of machine, vector components of flux can be defined
as Psxy ~ —uw—ssy, Psy = %‘ and ws ~ 1 (p.u.), where w; is the angular speed of grid
voltage vector and is assumed constant during tests [24]. Using these dependencies,
Equations (30) and (31) can be rewritten as:

Ps = lpsyisx - l/Jsxisy (32)

s = _Ipsxisx - lpsyisy (33)
Assuming (24)—(29), (32) and (33), differential equations of powers can be written as:

d RsL2 , 1
% =a11ps + (wr + 1)’75 - #lpsxlpsy + Birlrxlpsy I — w221+
s =X S
1 L2 (34)
+ fSZZl - alZirxisy L L, ((Urll]sy + usxlpsy) +u
d .. R R
% =a114s — (wr + 1)Ps — A12lrxlsx + f;zZl + ﬁlpgx‘f‘
s s 35)
L2 (
- Birirxlpsx L. nL1 (wrlpsylpsx + usxlpsx) + up
where:
L L .
Uy = 7-wiza + wigs — fed¢syr Up = —Wips + f€d¢sx/ 212 = —Psylrx
s x x

2 2 .
21 = Py + lpsyr 222 = Psxlrx

Using Static State Feedback Law to differential Equations (34) and (35) the following
form of equations can be obtained:

d 1
—ps +my) % = f(_QS"l‘mZ)

dps _

dt T(

where:

RsL2,
ml :ul + (CLJT + 1)(7 LZL l/]sxlljsy + Blrlrxlpsy L W7221+
s
(36)
1 .. L
+ fs221 — A12lrxlsy + 75— L.L. (wrlpsy + usxlpsy)
.o R R,L
my =up — (wr + 1) ps — a1oirclsy + f5221 + #l/ﬁx%—

s s (37)

, L2
— BirtrxPsx — L. ’Z (wrl/)sylpsx + usxlpsx)
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Obtained variables m7 and m; are new controls and taking form showed in (15) and
(16). Variables u; and u, present in (34) and (35) are used to compensate the coupling
between new state variables in the presented system:

RsL2 . 1

uy =my — (wy +1)gs + ﬁlﬁsxlﬁsy — Biylpxtpsy — L—wrzzﬁ—
s =X S

) (39)

L 2 1 L
— L.L. (wrl/]sy + Msxlpsy) - fSZ21 + a12lrxlsy

. Rs Rngn 2
uy =my + (wy + 1) ps + a1niyyisy — ﬁzﬂ T 121 Psxt
s s =X

, (39)

) L
+ Bjrlrxlpsx + (wrl/szllex + usxlpsx)
LsLy

These variables are also used to calculate the control variables for the system:

0y = Lx((221 + qus)uZ + LsPsul)
Ly (lpsx(zﬂ + qus) - le/szPs)

Ls (l,bsxul + lpsyu2)
Wiy =
lpsx(221 + Ls‘]s) - lepsyps

Diagram of the nonlinear control system for Doubly Fed Induction Generator supplied
by Current Source Converter is shown in Figure 3, analyzed structure of the Current Source
Converter (consisting of Current Source Rectifier and Current Source Inverter) is shown
in Figure 4.

(40)

(41)

Lg

;f{? # % CSI |+ de CSRﬂ—grid
¢R WR A {} €d|td {} TA

Calculation of multiscalar Rotor Grid
variables, active and side side
reactive power PWM PWM

T

Ps,qs, 221 |Transformation

Uz

Ui
Eq. (40)-(41) <—|
Z11, 212, 221, 222, Usf1, Usf2, Usil, Usi2 Decoupling
—ps Eq. (38)-(39)

P?Lf.@_f\__@ my f

QT’G 7qs

Figure 3. Nonlinear control structure of the Doubly Fed Induction Generator.
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1L : ; L L
Ca : ! . ; Cu

Figure 4. Structure of the current converter.

The assumption made for the steady state that 15y ~ —%{, Psy ~ u(Ts: and w; ~
1 makes that the active and reactive power defined as (30) and (31) can be rewritten
by (32) and (33). By calculating the derivatives of (32) and (33) another form of differential
equations is obtained, on the basis of which variables u#; and u, can be defined using
the Static State Feedback Law (38) and (39), and control variables ¢; and w;, defined by
Equations (40) and (41). The control variables e¢; and w;, together with the Static State Feed-
back Law specified Equations (36) and (37) allow for decoupling the control subsystems

(active power from reactive power), which will be confirmed in simulation tests.

3. Simulation Results

Simulation studies were performed to analyze the operation of the proposed control
system based on active and reactive powers and nonlinear transformations of variables.
Simulation results were obtained by using a program written by the research team. Tuning
gains of PI controllers in Field-Oriented Control and nonlinear control system are shown in
Table 1 and the parameters of the simulation model and processor interrupt (PWM) period
are presented in Table 2 (both in p.u.).

In the simulations, the authors carried out comparative tests of four DFIG system scenarios:

¢ changes of the reference active power;

e  changes of the reference reactive power;

. simultaneous changes of the reference active and reactive powers;

*  changes of the rotor speed from under-synchronous to over-synchronous speed with
constant reference active and reactive powers;

*  uncertainties of DFIG nominal parameters for both control systems.

Table 1. Tuning gains of Field-Oriented Control and nonlinear control System.

Gain Name Field-Oriented Control (Value) Nonlinear Control (Value)
kpp 0.45 15
kip 0.3 0.6
kpg 0.8 1.25

kig 0.7 0.4




Energies 2021, 14, 1511

9o0f 16

Table 2. DFIG with Current Source Converter System parameters and reference unit.

Symbol Name Values
Rs stator resistance 2.741 02/0.0649 p.u.
R, rotor resistance 3.212 (2/0.0762 p.u.
L magnetizing inductance 0.17 H/1.2733 p.u.
Ls, L, stator and rotor inductance 0.195 H/1.3378 p.u.
P, nominal power 2 kW
Is nominal stator current 55A
Iy nominal rotor current 34 A
u, nominal stator voltage 400V
n nominal rotor speed 910 rpm
f nominal frequency 50 Hz
r turn ratio N5/ N, 1
Ly DC choke inductance 124 mH/0.1 p.u.
Cm output filter capacitance 100 pF/0.125 p.u.
U, reference voltage 400V
I, = V3l reference current 9.52 A
Sp reference power 3.81 kVA
Timp converters PWM period 150 ms

Figure 5a presents the reference active power change in the following four steps: after
0 s the reference is set to s, = —0.2 p.u,, after 0.2 s: s, = —0.1 p.u., after 0.4 s: s, = —0.2 p.u,,
after 0.6 s: s, = —0.3 p.u. The waveforms have small oscillations during changes of reference
values. Figure 5b presents the same tests for Field-Oriented Control. Despite comparable
dynamics during changes, grater oscillations in transition states are visible. Also, the
nonlinear Control System is fully decoupled. Waveforms of components i, g, isq,p and ipc
and stator active and reactive powers s, s4 are presented for the rotor speed w, = 0.8 p.u.

a) 19 : : : b) 19 : : : '
/= : : : : : : :
3 ' ' ' ' ' ' '

0 t f t ] 0 f f f i
2+ 1 21
2 i
0 t - t 1
0.0+ . . .
- 'oassssaas :
# s s N
& s
-0.8

-1+ \ -1 . . . i

I

T T T T T T 1
0 200 400 600 800 0 200 400 600 800
Time [ms] Time [ms

isaS, Isps UraR, WAR iraR, LipR

Figure 5. Simulation results of active power step responses in: (a) the nonlinear control system, (b)
the Field-Oriented Control system.

Figure 6a presents the reference reactive power change in the following four steps:
after 0 s the reference is set to s; = —0.7 p.u., after 0.2 s: s; = —0.25 p.u., after 0.4 s:
sg = —0.4 p.u, after 0.6 s: s; = —0.7 p.u. The waveforms have small oscillations during
changes of reference values. Figure 6b presents the same tests for Field-Oriented Control.
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Both systems have similar dynamics during changes, but Field-Oriented Control has more
oscillations during transitions.

a1 1 1 1 b) 17

WR

ip

Spy Sq

isaS7 is;’jS UraR; UrBR irth irBR,
.

200 400 600 800 0 200 400 600 800
Time [ms] Time [ms]

Figure 6. Simulation results of reactive power step responses in: (a) the nonlinear control system, (b)
the Field-Oriented Control system.

Figure 7a also presents the reference active and reactive powers changes in the follow-

ing four steps: after 0 s the references are set to s, = —0.2 p.u., s; = —0.7 p.u., then after
0.2s:sp =—0.2p.u, s; = —0.3 p.u,, then after 0.4 s: s, = —0.4 p.u.,, s, = —0.5 p.u,, after 0.6 s:
sp = —0.3 p.u., 55 = —0.7 p.u. The waveforms have small oscillations during changes of

reference. There are small overshoots in the s;. Figure 7b shows the same waveforms for
Field-Oriented Control. Despite comparable dynamics variables, s, and s; have grater
oscillations during transitions.

a1 | | 1 b 1
e : : :
3

ip

Sq

Sp,
.

Isas, is[’jS UraR, WiBR lsas, isBS

Figure 7. Simulation results of active and reactive power step responses in: (a) the nonlinear control
system, (b) the Field-Oriented Control system.
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Direct comparison of Field-Oriented Control and nonlinear control system structures
and transient states during simultaneous powers changes are shown in Figure 8. Despite
the satisfactional dynamics of the Field-Oriented Control system, it has a high number of
oscillations during transient states. These transient oscillations can be reduced by changing
the gains. However, with these changes, the control system will not be able to reach the
setpoints. Another advantage of the proposed power control structure can be seen in its
great stability at high demand of power.

£ 02 ; ; ; ; 0.1

& : : ‘ e roc

> ; | ‘ 2p(FOC)

e & T

=~ ' '

= | | | 0.0

S 0.2 —

z 0.4 0.0

@ €q(FOC)

o 0.0 '

8 €q(P) |

=

T .04 i ‘ ‘ | -0.24

g 0.004 -0.3 -

w ;

§ SP(FOC)i

3 ‘

& H | Sp(P) !

%0.45 i ‘ ‘ i 0.4

— 09 i i ; ; -0.5

3 | | | | 00

3

g Sq(roc)

\L,_‘J_‘ Sq(P) : |

7 : : : ; pm——
0 200 . 400 600 800 350 . 550

Time [ms Time [ms]

Figure 8. Simulation results of active and reactive power step responses—comparison.

In Figure 9a the reference active and reactive powers are shown and forced: s, = —0.3 p.u,,
sq = —0.7 p.u. The rotor speed is changed from 0.7 to 1.3 p.u. The control system is stable
near the synchronous speed of 1.0 p.u. In Figure 9b the same waveforms as in Figure 9a are
shown for Field-Oriented Control. The control system is stable near synchronous speed
(1.0p.u.).

In Figure 10 the robustness of both control system structures under uncertainties of
nominal values of stator and rotor resistance of DFIG is checked. Figure 10 also presents
the reference active and reactive powers change in the following four steps: after 0 s
the references are set to s, = —0.2 p.u,, s; = —0.7 p.u., then after 0.2 s: s, = —0.2 p.u,,
sq = —0.3 p.u,, then after 0.4 s: s, = —04 p.u., s, = —0.5 p.u,, after 0.6 s: s, = —0.3 p.u,,
sq = —0.7 p.u. In Figure 10a in 0 s the stator resistance is changed to Rs = 1.5R,x (+50%) and
in Figure 10b the rotor resistance is changed to R, = 1.5R,y (+50%). The oscillations of ep
and e have similar values in both cases; however, the control structures are stable. In both
cases, stator and rotor resistance changes, Field-Oriented Control has greater oscillations in
transient states.
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Sps Sq

iSQLS7 isbS UraR; UrBR imLR7 irBR,

AR IR
S g P W g Y

Figure 9. Simulation results of system behavior during changes of rotor speed from subsynchronus
to supersynchronous with constant active and reactive powers for: (a) the nonlinear control system,
(b) the Field-Oriented Control system.

a) 1.0 b) 1.0

©
3

ip

Spy Sq

7 T

0.5 i i \ -0.5 i i i i
200 400 600 800 200 400, 600 800
Time [ms] Time [ms]

Figure 10. DFIG system behavior during changes of active and reactive powers under uncertainties
of (a) Rs = 1.5Rgn (b) Ry = 1.5R,y (FOC in black, power control in red).

In Figure 11 the robustness of both control system structures under uncertainties of
nominal values of inductor L; is considered. Figure 11 also presents the reference active
and reactive powers change in the following four steps: after 0 s the references are set to
sp=—02pu,s; =—07p.u, then after 0.2 s: s, = —0.2 p.u,, s; = —0.3 p.u., then after 0.4 s:
sp=—04p.u,s;=-05p.u,after0.6s:s, = —03 p.u., s; = —0.7 p.u. In Figure 11ain 0 s
the value of inductor L is set to L; = 0.5L ;5 (—50%) and in Figure 11b the value of inductor
Lyissetto Ly = 1.5L;y (+50%). The oscillations of ep and eg have similar values in both
cases; however, the control structures are stable. In both cases, Field-Oriented Control has
greater oscillations in transient states. In the case of power control, the value of inductor
current ripples is smaller than 0.02 p.u. during transient states.
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Figure 11. DFIG system behavior during changes of active and reactive powers under uncertainties
of (a) L; = 0.5Lyy (b) Ly = 1.5L;n (FOC in black, power control in red).

In Figure 12 the robustness of both control systems under uncertainties of nominal
values of the output filter capacitance is checked. Figure 12 also presents the reference
active and reactive powers change in the following four steps: after 0 s the references are
setto s, = —0.2 p.u., s, = —0.7 p.u,, then after 0.2 s: s, = —0.2 p.u., s, = —0.3 p.u., then after
0.4s:sp,=—04p.u,s;=—-05p.u,after 0.6 s: s, = —0.3 p.u., s; = —0.7 p.u. In Figure 12a in
0 s the output filter capacitance to Cy, = 0.5C,,n (—50%) and in Figure 12b the output filter
capacitance to Cy; = 2C;;n (+100%). The oscillations of ep and ep have similar values in
both cases; however, the control structures are stable. In the case of smaller capacitance, it
was necessary to change gain values for active power in the Field-Oriented Control method
from k,p = 0.45 and k;p = 0.3 to k,,p = 0.3 and k;p = 0.25. Without that change the oscillations
are not fading.
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Figure 12. DFIG system behavior during changes of active and reactive powers under uncertainties
of (a) Cy, = 0.5C,,N (b) Cyyy = 2C,n (FOC in black, power control in red).
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4. Conclusions

In this paper, the nonlinear control structure of the DFIG with the CSC system is
presented. The comparative studies of the nonlinear control structure and Field-Oriented
Control (presented in the simulation results—Section 3), confirmed that relative to Field-
Oriented Control, the nonlinear control approach makes the DFIG system: be fully decou-
pled, have very good dynamic responses, have less distorted transition states. Oscillations
do not appear in the system dynamics when the nonlinear control scheme is deplored.
Minimal deterioration of some of the control structural properties is visible during the
uncertainty states of nominal parameters of DFIG. However, the controlled DFIG-CSC
system was always stable in the performed simulation tests. The proposed control system
structure will be extended and implemented in the laboratory setup in the future. The
interesting area of research is the reliability of the current converter system with the DFM
of the ride-through fault, which was studied for the voltage source converter with DFM
in [39]. Such an investigation will be conducted in the future.
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Appendix A
. dy
Usg = Rsisg + d;d —wa¥sq (A1)
ayy
usq = RSZSq + F + (,Ua‘Psd (AZ)
. d¥y
Uy = Rylpg + d,;d — (wa — wy)¥rg (A3)
. dTrq
Urg = Ryipg + i (Wag — wi) ¥y (A4)
dwy Ly . . 1
it JLs (Ysdisg — Psqisa) — jmo (A5)
Y4 = Lsisq + Lmiyg (A6)
Ysg = Lsisq + Lmirq (A7)
Yrg = Lyiyg + Linisg (A8)

where R; and R, are the stator and rotor resistance, Ls, L,, L,, are the stator, rotor and
mutual inductance s, ifs, is indicate stator flux, voltage and current vectors and 1, i7;,
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i_; represent rotor flux, voltage and current vectors, w; denotes rotor angular speed, w,
denotes the angular speed of rotation of the coordinate system.
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