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Abstract: According to the theory of passivity-based control (PBC), this paper establishes a
port-controlled Hamiltonian system with dissipation (PCHD) model for a doubly fed induction
generator (DFIG) system under unbalanced grid voltage conditions and proposes a method of
interconnection and damping assignment passivity-based control (IDA-PBC) of the system under
such conditions. By using this method, the rotor-side converter and grid-side converter can be
controlled simultaneously in order to improve fault ride-through capability of the DFIG system.
Simulation results indicate that this IDA-PBC strategy effectively suppresses fluctuations of output
current and power in the DFIG system during unbalanced grid voltage sag/swell, enhances dynamic
performance, and improves the robustness of the system.

Keywords: doubly fed induction generator; grid voltage unbalance; fault ride-through; passivity-based
control; port-controlled Hamiltonian system

1. Introduction

In recent decades, in response to the energy crisis and environmental pollution, people have
continuously sought clean and renewable resources to replace fossil fuels, largely promoting the
development of wind power technologies [1,2]. Among these technologies, the doubly fed induction
generator (DFIG) system has been adopted in a large proportion of wind turbines, with benefits of
small volume, low cost, and stable operation performance [3-5].

The DFIG system is characterized by its high-order, strong coupling, and non-linear behavior;
the control method is relatively complicated. Usually, the stator-side of the system is connected to the
grid directly while its rotor-side is connected to the grid via a back-to-back converter. The converter’s
capacity is relatively small and largely influenced by the status of the grid. Therefore, higher
requirements are desired if DFIGs are to be constructed on a large scale and operated in grid-connected
mode [6-9]. Though the PI regulator based vector control is commonly used and can ensure stable
operation of DFIGs within certain range, it is not intrinsically robust, and it can be rather difficult to
realize the overall stability of the system. Especially under unbalanced grid voltage conditions, the
DFIG system is not effective enough to isolate its connection with the grid. As a result, the unbalanced
grid voltage leads to unbalanced stator current and rotor current, causing stator winding and rotor
winding to generate uneven heat and inducing pulsation in the torque of the generator, which results
in oscillation of the power passing to the grid [10,11]. Meanwhile, the output current and power
fluctuate at double the grid frequency in the synchronous frame; however, the PI regulator cannot
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realize zero steady-state error in this situation, which affects stable operation of the DFIG system and
the grid. Currently, studies of DFIG systems under unbalanced grid voltage conditions are no longer
limited to voltage sags. When a grid voltage sag occurs, switching the reactive compensation device in
the wind power plant might lead to surplus of the reactive power, which causes the voltage to increase
abruptly at the moment when the grid voltage is recovered. Moreover, sudden removal of a load in the
wind power plant will also lead to grid voltage swell [12-14]. As a consequence, higher requirements
are desired to control the DFIG system under unbalanced grid voltage conditions.

Passivity-based control (PBC) is a non-linear feedback control strategy aimed at ensuring overall
stability. With the design principle being the energy balance of the system, it forces the total energy of
the system to track desired energy function so that state variables of the system asymptotically converge
towards equilibrium values [15]. The strategy of studying system control from the perspective of
energy is greatly valued in the area of DFIG systems. PBC is mainly based on Euler-Lagrange equations
or port-controlled Hamiltonian system with dissipation (PCHD) equations, where the latter are derived
and developed from the former. Up to now, most of the literature discusses PBC of DFIG systems
based on Euler-Lagrange equations while little research has been conducted on PBC using the PCHD
model. Under normal grid conditions, [16] established an Euler-Lagrange model of DFIGs, based
on which, the design of PBC law is proposed. In addition, [17] studied control strategies based on
an Euler-Lagrange model of DFIGs under unbalanced grid voltage conditions. The study reported
by [18] was performed on the control strategy based on a PCHD model of back-to-back converter in
a permanent magnet synchronous generator system under normal grid conditions. Reference [19]
presented an energy-based coordinated control of a DFIG system under normal grid conditions based
on the theory of port-controlled Hamiltonian system. Furthermore, [20,21] discussed interconnection
and damping assignment passivity-based control IDA-PBC) methods of DFIGs under normal grid
conditions. All these papers laid a foundation for further study of PBC of the DFIG system. However,
during grid voltage unbalance, PCHD modeling and PBC analysis are different from those under
normal grid conditions.

In this paper, a new PCHD model of DFIGs and grid-side converters in a DFIG system under
unbalanced grid voltage conditions is established. Based on the PCHD model, with the idea of
overall coordinated control, an IDA-PBC law is performed on both the rotor-side converter and
grid-side converter to improve operation performance of the DFIG system under unbalanced grid
voltage conditions.

2. PCHD Modeling of a Doubly Fed Induction Generator (DFIG) System during Grid
Voltage Unbalance

To perform IDA-PBC of the system, a PCHD model of this system is desired. Definition of
standard PCHD equations are given as [22,23]:

{ x=[J(x) = R(x)] % (x) + g(x)u
y=2g"(x)% (x)

where x € R" are the state variables of the system, u € R™ are the input variables, y € R™ are the output
variables; the interconnection matrix J(x) is a skew-symmetric matrix which represents interconnection
structure inside the system; the damping matrix R(x) is a positive semi-definite symmetric matrix
which reflects the dissipation; the interconnection structure is also captured in the input matrix g(x);
the Hamiltonian function H(x) : R” — R represents the total energy of the system.

)

2.1. PCHD Model of a DFIG

When the grid voltage is unbalanced, DFIG systems are usually analyzed in the positive and
negative synchronous reference frames. Then, the mathematical model of voltage and flux linkage of a
DFIG can be expressed as [24]:
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dyt
+ _ + sdq+ : +
usdq+ - RSIsdq+ + =g Tjw ¢sdq+
_ - dppgg, . _
usdqf = RSIsdqf + dtq —Jw lpsdqf )
dyh
+ _ + rdq+ : +
Ugqr = Relpgqy + —ar— +iWslip+ Praq+
_ _ dfge- | . _
urclq— = erIrdq— + th +]w51ipflprdq—
N +
sdq+ LSIsqur + LmIrdq+
P qu— = LSIidq_ + LI jrdq_ 3)
g = LrIrdqu + LmIquJr

tpr?:lq— = LrIr_dq— + LmIs_dq—

where superscript +, — denote positive, negative synchronous reference frame, respectively; subscript
+, — individually represent positive, negative sequence component; subscript s, r represent stator
and rotor, respectively; subscript d, q individually denote synchronous d and q axis. While wgj;p =
w1 — wr represents the slip angular frequency in the synchronous frame, wgj;, - = —w7 — wr is the
slip angular frequency in the negative synchronous frame, where w; is the grid angular frequency, w;
is the rotor angular frequency. R, R; are resistances of the stator and rotor, respectively; Ls, L, are
self-inductances of the stator and rotor, respectively; Ly, is the mutual inductance. The electromagnetic
torque and motion equation of a DFIG can be expressed as:

T, = anm(L_:[HIrEJr - I;H_Irfﬁ)

T.. = anm(Is*q_I;li — 1;171;1_)

Te=Td +T._

T —Te :fwm‘F]mwm

)

where T is the electromagnetic torque; Try, is the mechanical torque that passes to the generator shaft;
np is the number of pole pairs of DFIG; wn, is the mechanical angular speed of the rotor; f is the
viscous friction coefficient of the rotor; Ji, is the moment of inertia that casts onto the generator shaft.

Assume state variable of the DFIG xg = [ :d . I/Jstl 4 1P;j + I/JIJQJJr Yoa— Ysq— Yra— Prq— — Jmwm]T,

+

input variable ug = [uf;, uj

+ oyt = oy oy y— 0o1f ; -t gt
Upqy Upgy Ugg Ugq— Upg Urg 0] and output variable y = [ijy, igy .
.+ 4+ pp— pp— pp— ppu— T
Ld+ trq+ tsd— tsq— trd— trq- —wm]"

Given energy storage function of the DFIG:

1 _
Hg(xgr) = ExRTMR xg ®)
) LJd Ll . . .
where MR = diag (M1, M3, Jm), M1 =M, = L1 LIl Iis a second-order unit matrix. Then, the
m T

PCHD model of DFIGs in a DFIG system under unbalanced grid voltage conditions is:

iR = [Jr(*R) — Rr(xR)] 552 (¥R) + Wi + gg (¥)ur

(6)
9H
yg = gr(xr)” axllz (xRr)
Jr1  Osx4 _]1€3 0 1
LsZ wL,Z
where, Jg(xr) 044 Jro —Jra |+ Jra Jro [wleZ wLZ | 1 0 |
Jrs  Jra 0

Jr3 =100 nplprf1 —np 1 Jra =100 MptPrg— —TpPrq_l, Rr(xr) = diag (Rs, Rs, Ry, Ry, Rs, Rs, Ry, Ry,
—£), WR =[01x8 —Tm]", gg (*r) is a ninth-order unit matrix.
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2.2. PCHD Model of a Grid-Side Converter

Under unbalanced grid voltage conditions, the mathematical model of a grid-side converter in
DFIG systems can be expressed as [25]:

dr},
+ — + : + gdqt
Ujgqr = Religqy Tiwileliyg, + Vagq T Le )
dr
— _ _ . _ _ gdq—
Ugq = Reloqq —jwilglygq + Vogq +Lg—g—
where Rg, Lg are the respective resistance and induction of the input reactor. Since the stator of the
DFIG is connected to the grid, then, U::i gt = Ugd q d ¢ = Ug_d -

. . . _ -Jr -Jr [p— P T
Assume state variable of the grid-side converter xg = [nggd n nggq n Lg’gd— nggq_] ,
: : — [yt ot + o+ - - - _ .- 1T :
input variable ug = [ungr Ugdt Ugqt — Ugqt Mgd— — Vgq Ugq- vgq_] and output variable
T i L
Yo =ligq, igqt fgq- fgq-1"- . o
Given the energy storage function of the grid-side converter:

1 _
Hg(xg) = QxGTMG xg ®)

where Mg = diag (Lg, Lg, Lg, Lg). Then, the PCHD model of a grid-side converter in DFIG systems
under unbalanced grid voltage conditions can be expressed as:

i = o (¥c) — Ra(xa) S (x6) + g6 (xa )uc

Y6 = 86 (x6) T e (xc)

©)

w1 LgZ 0

0 i LyZ , Rg(xg) = diag (Rg, Rg, Rg, Rg), g5(xG) is a fourth-order

where Jg(xg) = l

unit matrix.

In conclusion, Equations (6) and (9) are the PCHD model of a DFIG system under unbalanced
grid voltage conditions.

3. IDA-PBC of a DFIG System during Grid Voltage Unbalance

From principles of IDA-PBC, it can be seen that for Equation (1), proper interconnection
configuration matrix J.(x) and damping configuration matrix R.(x) are desired to change the energy
function of the original system so that the following equation is valid [26]:

{10+ 1] = [RO) + Rew] } 50 = = [retw) - Rew)] Gr 0 #5000 10)

after introducing control, the system is close-looped and stabilized, which turns out to be a PCHD
system with dissipation of the form:

= [Jalx) — Ra(x)] 2 () 11)

The energy function of this closed-loop system is Hy = H + H., where H, represents energy that is
injected into the system through control. J4(x) = J(x) 4 J.(x) should be a skew-symmetric matrix;
R4(x) = R(x) 4+ R.(x) should be a positive semi-definite symmetric matrix.
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3.1. IDA-PBC Law of a DFIG

To reserve generality, the interconnection configuration matrix of DFIGs in a DFIG system under
TR Osxa —Jies

unbalanced grid voltage conditions is defined as Jg.(xr) = | Oaxsa Jrey —Jka |, Where
JRs Jrea O
0 Jr+ 0 Jroy 0 Jr- 0 Jre-
fea = —Jr+ 0 —Jrsy O D ke = —Jri- 0 —Jrs- O ,
0 Jrs+ 0 Jrat 0 Jrs- 0 Jrao
—Jre+ 0 —Jrap O —Jre- 0 —Jre- O
Jrs = [00 Jrs+ —Jre+) Jra = [0 0 Jrs— —Jre—]. The damping configuration matrix is given

as Rpc(xr) = diag (rr1+4, "ro+, 3+, Trat, tri—, r2—, 13—, tra—, 0). The energy function of the closed-loop
DFIG system after applying IDA-PBC is:

g (xw) = Hi () + Hie () = 5 (er — %) My~ (e — ) 12)

where superscript * represents the desired equilibrium point; Hg.(xR) is the energy injected to the
system though control. From Equation (10), the PBC law of a DFIG in DFIG systems under unbalanced
grid voltage conditions is:

UR = — |:]Rd(xR) - RRd(XR)}MR_le + []RC(xR) — RRC(xR):|MR_1XR — WR (13)

After rearrangement, it can be expressed as:

Uy = Reily +npwi i, — i’ + sy (il —ify )
—Jra+ (isqy — fsqy) — Jras (irgy — frg) + JR5+ (Why — wm)
gy = Rei’ — Npwimhh . + w1 + rr4+(ir+q*jr — i)
FJRo+ (i, — g ) + TRat (137", — i, ) — JRe+ (Wi — wm) u
Uy = Reiyg' + npwitra_ + Wit + 1 (ig —ig ) 14)
—Jr3—(isq" —isq—) = JRa-(irg" — g ) + Jr5— (Wi — Wm)
Upge = Reipg” —mpwipyy —wrg” + rea (i — i)
HIro-(igg" —ig ) +Jra—(ig" —i4 ) — Jre— (Wpm — Wm)

3.2. IDA-PBC Law of a Grid-Side Converter

The interconnection configuration matrix of a grid-side converter in a DFIG system under

Je+Z 022
0252 ] g,Z
configuration matrix is Rg.(xg) = diag (rg1+/ Tg2+, Tg3+, Tgats Tgl—, Tg2—, Tg3—, Tga—, 0). The energy
function of the closed-loop grid-side converter system after introduction of IDA-PBC is:

unbalanced grid voltage conditions is defined as Jg.(xg) = The damping

Hgqy(xg) = Hg(xg) + Hae(xg) = %(XG —x5) Mg (xg — xE) (15)

where Hg(xg) represents energy that is injected into this system through control; x§; is the desired
equilibrium point of this system. From Equation (10), the PBC law of a grid-side converter in a DFIG
system under unbalanced grid voltage conditions is obtained:
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uG = — []Gd(xG) - RGd(xG)]MG71XE + []Gc(xG) - Rcc(xc)]Mcfle (16)

After rearrangement, it can be expressed as:

v;d+ = u;d+ - Rgig_;-‘r +w Lgigq*+ g1+(1; - igd-‘r) + fg+(i§J+ - i;qu)
Ugat = Ugqr — Rgigat — wngzgd+ rga+ (igas —igqy) — ]g+(i;;+ — i;d+) ,
Vgd— = Ugq_ — Rgig;_ — wyLgigs —1g1- (zg; igd )+ Jg—(igq— —igq-) 17
Vgq- = Ugq- ~ Relgq- T Wilgipq. —7ea-(lgq- —igq-) —Jg- (- —lpa)

In conclusion, Equations (14) and (17) are the IDA-PBC laws of a DFIG system under unbalanced
grid voltage conditions.

4. Simulation Analysis of IDA-PBC of a DFIG System during Grid Voltage Unbalance

To verify the feasibility of the proposed IDA-PBC law in a DFIG system under unbalanced grid
voltage conditions, the system model is constructed in Simulink of MATLAB as well as toolbox of
SimPowerSystem to carry out simulation studies. The main parameters are as follows: rated power of
the DFIG is 2 MW, voltage of the stator is 680 V, the grid frequency is 50 Hz, resistance of the stator
is 0.0108 p.u., resistance of the rotor is 0.0121 p.u., stator induction is 2.464 p.u., rotor induction is
3.472 p.u., and the grid voltage oriented space vector pulse width modulation (SVPWM) is applied.
A structure scheme of the system is shown in Figure 1.

3
@)
)
w0
@

A

IDA-PBC <

DFIG system | | grid status
status inspection| | inspection

v
/L the desired equilibrium
point calculation

Figure 1. Structure scheme of doubly fed induction generator (DFIG) system with IDA-PBC method.

By status inspection of the grid and the DFIG system, real-time state variables of the grid and
the DFIG system are obtained, and the desired equilibrium point of the system is calculated based on
these variables. Meanwhile, IDA-PBC of the DFIG system is realized according to these state variables
and the desired equilibrium point.

Assume voltage phase A of the grid drops to 0.8 p.u. at 2 s and abruptly rises to 1.2 p.u. at 2.6 s,
while voltage phases B and C are maintained at 1 p.u. continuously, which are shown in Figure 2.
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Figure 2. The grid voltage: (a) Voltage phase A drops from 1 p.u. to 0.8 p.u. at 2 s; (b) Voltage phase A
rises from 0.8 p.u. to 1.2 p.u. at 2.6 s.

4.1. Influence of Grid Voltage Unbalance in a DFIG System

Under unbalanced grid voltage conditions, the output current of the stator, rotor and grid-side
converter in a DFIG system will have negative sequence components, which means the output current
will fluctuate at double the grid frequency in the synchronous frame. Unbalanced current leads to
unbalanced power. The power relationship of a DIFG system under unbalanced grid voltage conditions
can be expressed as [27]:

- - Tt + - -7
Py Uy, Ugg s Uy Ugq
+ ot - - +
Qso Usq+ Usqy  Usq— g Lsd+
- - ¥ + o+
Pssin2 _ usqf Ugq_ _usq+ Ugqy lsq+ (18)
= - - + ¥ -
Pscos2 Ugg— Usq— Usgt Usq+ Lsg—
: - ~ + + —
Qssin2 THUsq— THsqg—  Mgaq Usq+ fsq—
- - ¥ +
L Qscos2 J i uSq_ —Ugq_ usq+ —Ugqy ]
and - . }
Pgo Uga+ Mg+ Mga—  Hgq-
3 ot = - -+
Qg0 Ugq+  “Ugdr Mgg—  THgd- lod+
u, —u, —ul ut it
Posin2 | _ 84— gd— gat  Tgd+ 8a-+ (19)
Pycosd uy, o u,, ul uf i
gcos gd g4 %_d+ iofﬁ' gd
QgsinZ THgq—  THgq- u§d+ ug(f, log—
L QgcosZ i i ng7 —Mgd7 ugq+ —ngdJr ]

where Py and Qg represent equilibrium components of active and reactive power outputs of the stator,
respectively; Pyp and Qg represent equilibrium components of active and reactive power outputs
of the grid-side converter, respectively. However, the existence of Pssin2, Pscos2, Qssin2, Qscos2, Pgsin2,
Pgcos2, Qgsinz and Qgeos2 indicates that there is fluctuation component at a double grid frequency in
each power output in the DFIG system.

Figures 3 and 4 show the influences of grid voltage unbalance on the output current and power
of a DFIG system, respectively. It is clear that when PI control in the synchronous frame is adopted,
stator current (active component iy4, reactive component isq) and grid-side converter current (active
component igq, reactive component igq) of the DFIG system as well as each power (stator active
power P, stator reactive power Qs, grid-side converter active power Pg, grid-side converter reactive



Energies 2017, 10, 1139 8of 13

power Qg) that pass to the grid will all show apparent fluctuations at a double grid frequency, which
influences the continuous operation capability of a DFIG system under fault conditions.

1 0
\E; 0 B | S A P \g}
R B
“ 2 205 21 215 22 2 205 21 215 22
time(s) time(s)
(a) (b)
0.05— : : :
3 - R
: : : : -0.05— : : :
2 205 21 215 22 2 205 21 215 22
time(s) time(s)
(0) (d)

Figure 3. The output current of the DFIG system during grid voltage unbalance: (a) Stator active

current; (b) Grid-side converter active current; (c) Stator reactive current; (d) Grid-side converter
reactive current.

1 0
/5\ O ...................................
RS
|
A ; ; ; 04— ; ; ;
2 205 21 215 22 2 205 21 215 22
time(s) time(s)
(@) (b)
0.0 :
1 .....................................
) £)
Z olal 1My &
73} o0
o o
_1 ........ LAREERREE ERRER RERRRE : : : :
e B
2 205 21 215 22 2 205 21 215 22
time(s) time(s)
(c (d)

Figure 4. The output power of the DFIG system during grid voltage unbalance: (a) Stator active power;
(b) Grid-side converter active power; (c) Stator reactive power; (d) Grid-side converter reactive power.

4.2. Simulation of IDA-PBC during Unbalanced Grid Voltage Sag/Swell

Here, the IDA-PBC method under unbalanced grid voltage conditions is compared with PI
control and PBC based on Euler-Lagrange model in the positive and negative synchronous reference
frames. According to different control targets of a DFIG system under unbalanced fault conditions,
equilibrium points of IDA-PBC are matched. During simulation, three different groups of control targets
(suppressing the output current fluctuation, suppressing active power fluctuation, and suppressing

reactive power fluctuation of the system, respectively) are applied to validate the feasibility of the
IDA-PBC strategy.

4.2.1. Suppressing the Output Current Fluctuation in a DFIG System

The control target under unbalanced grid voltage conditions is to suppress double frequency
fluctuations in the output current of the stator (active component iz4, reactive component isq) and
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the output current of the grid-side converter (active component ig4, reactive component igq) so that
the DIFG system can export a total current that is stable and balanced. Therefore, iy and ig,_ in
Equation (18) as well as igd7 and igq_ in Equation (19) are set to zero; then expectations of current at
desired equilibrium points x; and x¢; of the system are:

it = LsPG
rd+ Lniusti R
1’+* - _ usd+ + LSQ;O
gt = T T T Ly,
R
rd— = Lmw;
l‘** — Usq—
rq— Lrﬁf’l (20)
it =g
ga+ ungr*
l'+>k __ =g0
+ = T
gd Uggy
e
log_ = 0
Zx
log- = 0

Simulation waves in the positive and negative synchronous reference frames under PI control,
PBC based on Euler-Lagrange model and IDA-PBC based on PCHD model are shown in Figure 5. It is
evident that irrespective of whether there is unbalanced grid voltage sag or swell, the IDA-PBC method
effectively suppresses double frequency fluctuations of the stator output current as well as the grid-side
converter output current to ensure a balanced total output current in the DFIG system. Compared
to PI control and PBC based on Euler-Lagrange model in the positive and negative synchronous
reference frames, it removes oscillation of each current faster and applies a shorter modulation process
so that the DFIG system can reach a new stable status more quickly. In addition, because IDA-PBC
has more configuration parameters compared with PBC based on Euler-Lagrange model, the system
using IDA-PBC can be controlled more finely. Moreover, the structure of DFIG is more complex than
the structure of the grid-side converter, so there are more configuration parameters in the IDA-PBC
law of DFIG compared with those in the IDA-PBC law of grid-side converter. Therefore, the control
optimization of the DFIG is more obvious than the grid-side converter based on IDA-PBC.

PI- -~ EL-PBC —— IDA-PBC

isd(pu)

&

2 222426 28 3 32 "2 22242628 3 32

time(s time(s
(a)() b()
0.05
=)
&
g
A S B S 00—
2 222426 28 3 32 2 222426 28 3 32
tir?e)(s) tinhe(s)
C

Figure 5. Suppressing the output current fluctuation: (a) Stator active current; (b) Grid-side converter
active current; (c) Stator reactive current; (d) Grid-side converter reactive current.
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4.2.2. Suppressing Output Active Power Fluctuation in a DFIG System

The control target during grid voltage unbalance is to suppress double frequency pulsations of
active power Ds of the stator and active power Py of the grid-side converter so that the DIFG system
can export a balanced total active power under fault conditions. At this time, Pyginp and Pscosp in
Equation (18) as well as Pgginp and Pgcos2 in Equation (19) are desired to be zero, so expectations of each
current in desired equilibrium points x; and x¢; of the system should be:

x o _ LsPhug,
rd+ — %le "
.
l‘+* — Uggt + LSQsouscPr
rq+ = Lpw; LmDy
o Ugq— n LsPlyu g - Lst*O”;q—
Ld— = T Lnwy LmDi ImD;
—% u;d_ + LSPs*Ousq— + LSQ:Ou;d_
4= = Iy T Iy LmD> 1)
%
e Ugaileo
gd+ - Dl
u+ Q*

it — _ “gdt g0
gqt D2 o
i — _ Uga—Tgo 4 Yea g0
gd— D, D,
T _ue‘;(l*PgO _ ugdego
8q— Dy Dy

42 -2 -2 _ 42 -2 -2

where Dy =u i, —u { Ugq— s Dy=ugf +uy{ + Ugg

Simulation waves in the positive and negative synchronous reference frames under PI control,
PBC based on Euler-Lagrange model and IDA-PBC based on PCHD model are shown in Figure 6.
By comparing these three control methods, it can be seen that IDA-PBC effectively suppresses double
frequency pulsations of active power of the stator and grid-side converter under fault conditions so
that the DFIG system can provide balanced active power to the grid. Furthermore, IDA-PBC is quicker
in response and generates smaller active power oscillations in the stator and grid-side converter during
the transition process.

12
/,‘:? O ........................................
\Qj :
N
(AR | AU

U S N S A S R S

2 2224 26 28 3 32 2 22 24 26 28 3 32
time(s) time(s)

(@) (b)

=4

Figure 6. Suppressing the output active power fluctuation: (a) Stator active power; (b) Grid-side
converter active power.

4.2.3. Suppressing Output Reactive Power Fluctuation in a DFIG System

Here, the control target under unbalanced grid voltage conditions is to suppress double frequency
oscillations of the stator reactive power Qs and the grid-side converter reactive power Qg so that the
DIFG system can export a balanced total reactive power under fault conditions. Since Qgsin2 and Qscos2
in Equation (18) as well as Qgginz and Qscos2 in Equation (19) are set to zero, expectations of current in
desired equilibrium points x; and x¢; of the system are:
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+
e LoPatay
rd+ LmDy
+ +

it = Usqy LsQgottsa
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Simulation waves in the positive and negative synchronous reference frames under PI control,
PBC based on Euler-Lagrange model and IDA-PBC are shown in Figure 7. From those figures, it can
be concluded that IDA-PBC can effectively suppress double frequency oscillations of reactive power of
the stator and grid-side converter under fault conditions to ensure reactive power balance of the DFIG
system in grid-connected mode. Compared to PI control and PBC based on Euler-Lagrange model in
the positive and negative synchronous reference frames, the IDA-PBC method reduces reactive power
oscillation of the stator and grid-side converter, and the transition process is also shortened.

PI-—- EL-PBC —— IDA-PBC
— 0.05———————

i i i i i i 05 i i i i i
2 22 2426 28 3 32 2 22 2426 28 3 32
time(s) time(s)
(@ (b)

Figure 7. Suppressing the output reactive power fluctuation: (a) Stator reactive power; (b) Grid-side
converter reactive power.

5. Conclusions

PBC theory is a method to analyze and control a system from the perspective of energy. Compared
with PBC based on Euler-Lagrange model, IDA-PBC based on the PCHD model can reflect the
details of system better, and there are more configuration parameters in IDA-PBC laws, so systems
using IDA-PBC can be controlled more effectively. Furthermore, especially for complex systems,
the advantage of the IDA-PBC method is more obvious. This paper establishes a PCHD model of a
DFIG system under unbalanced grid voltage conditions and applies an IDA-PBC strategy. Regarding
different control targets under fault conditions, desired equilibrium points of the IDA-PBC law are
set to coordinate and control the rotor-side converter and grid-side converter. Simulation results
indicate that the IDA-PBC method can effectively suppress fluctuations of output current, active
power, and reactive power of the DFIG system under unbalanced grid voltage sag/swell. Compared
to PI control and PBC based on the Euler-Lagrange model in the positive and negative synchronous
reference frames, the response of the IDA-PBC method is quicker, and suppression of oscillations
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during transient process is more obvious, which significantly improves the continuous operation
capability of the DFIG system during grid voltage unbalance.

Author Contributions: Jiawei Huang, the main author of this work, has been counseled by Honghua Wang and
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