12024

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 12, DECEMBER 2019

Direct Power Control of Doubly Fed Induction
Generator Using Extended Power Theory Under
Unbalanced Network

Yongchang Zhang

Abstract—This paper proposes a novel direct power control
(DPC) method for the doubly fed induction generators (DFIGs)
power control system. The proposed DPC method is based on ex-
tended power theory rather than conventional instantaneous power
theory. The proposed method calculates the rotor reference volt-
age based on the principle of deadbeat power control. Then, it syn-
thesizes the rotor reference voltage using space vector modulation
(SVM). As a result, the switching frequency is constant, and satis-
factory control performance is achieved under both balanced and
unbalanced network conditions. This technique achieves the con-
trol target of ensuring a constant stator-side active power, constant
extended reactive power, and sinusoidal stator currents without
power compensation terms or other measures under unbalanced
network conditions. Different from other DPC-SVM methods, the
phase-locked loop block is eliminated and the whole structure of
the control system is simple and easy to use. No parameter needs to
be tuned in the proposed method. The effectiveness of the proposed
method is validated by the presented simulation and experimental
results on a 1.5-kW laboratory DFIG control system.

Index Terms—Generators, power control, predictive control,
wind energy.

I. INTRODUCTION

O ADDRESS the increasing requirements on electric

power, renewable energy power generation technologies
have been widely considered. Among the novel variable en-
ergy power generation techniques, variable-speed constant-
frequency wind energy conversion systems have rapidly gained
popularity in the last few decades. Doubly fed induction gener-
ators (DFIGs) are the most widely used system in wind energy
generators because a DFIG requires a power converter rated
at only 25%-30% of the generator rating, therein being cost
effective [1], [2].
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Among the various power control techniques for DFIGs,
table-based direct power control (DPC) has attracted wide at-
tention because of its various advantages such as its simple
control structure, minimal computational burden, and quick dy-
namic response [3]-[5]. DPC selects the desired rotor voltage
vector directly based on the predefined switching table and the
rotor/stator flux position to regulate the active power and reactive
power. However, table-based DPC produces substantial power
ripples and variable switching frequencies. In [6], a two-vector-
based model predictive DPC (MPDPC) method is utilized for a
DFIG. By optimizing the vector durations, one nonzero vector
and a zero vector are applied to one control period to reduce
the power ripples. The control performance is much improved
compared with single-vector-based MPDPC [7], [8]. In [9] and
[10], a universal multiple-vector-based MPDPC method is pro-
posed. Optimal vectors and combinations can be selected by
analyzing the relationships among the three duties calculated by
space vector modulation (SVM). Single-vector-based MPDPC
and multiple-vector-based MPDPC methods can be achieved in
one frame. In some paper, SVM is combined with DPC (DPC-
SVM) [11], [12] to achieve a constant switching frequency and
minimal power ripples.

Despite the good steady-state performance of DPC-SVM and
multiple-vector-based MPDPC, highly distorted stator/rotor
currents are produced if no other measures are taken under
unbalanced grid voltage conditions, which are common in weak
grids [13]. The control of DFIGs under unbalanced grid voltage
conditions have become a concern worldwide. Various control
strategies have been proposed in the literature to address control
aspects under unbalanced network conditions. In [13] and [14],
several control targets under unbalanced network conditions
were realized by adding power compensation values to the orig-
inal stator-side power reference values. However, conventional
table-based DPC provides limited control performance. This
method produces a large amount of power ripples and increases
the extent of current distortions.

In [15], a model predictive control method under unbalanced
network conditions for a DFIG is proposed. Power compensa-
tion values are added to the original constant power reference
values to eliminate the negative sequence components (NSCs)
of the stator currents under unbalanced network conditions.
In [16], a model predictive stator current control method is
proposed for the control of DFIGs under unbalanced network
conditions. Sinusoidal and balanced stator currents are obtained
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under unbalanced network conditions. In [17], a low-complexity
MPDPC for DFIGs is proposed. The calculation burdens are
much reduced comparing with conventional MPDPC [7], [15].
Four control targets are achieved under unbalanced network con-
ditions. However, the steady-state performance of the proposed
method is worse than the multiple-vector-based MPDPC method
proposed in [9] and [18].

Several DPC-SVM methods are proposed in [19]-[22] to
achieve better control performance under unbalanced network
conditions. In [19], a sliding-mode DPC (SM-DPC) strategy
is proposed for DFIG under both balanced and unbalanced
grid conditions using extended active power. SVM technique
is combined with the SM-DPC method. The power ripples are
eliminated in the proposed method under unbalanced network
conditions. There are some parameters should be tuned, includ-
ing integral parameters and the parameters of the switching con-
trol laws. The parameter-tuning processes make the methods
in [19] difficult to use. In [20], a resonant-based back-stepping
DPC strategy with SVM is proposed. Three control targets under
unbalanced network conditions are achieved. However, back-
stepping parameters and resonant parameters need to be tuned.
Phase-locked loop is utilized to obtain the phase angle. Some
variables have to be transformed to synchronous reference frame
to realize three control targets. The structure of the control sys-
tem is relatively complex. In [21], a DPC method of DFIG is pro-
posed to eliminate oscillations of stator-side powers under the
stator voltage balanced and unbalanced sags. The required rotor
reference voltage is directly calculated based on the model of
DFIG. Although constant stator powers are achieved under bal-
anced and unbalanced voltage sags conditions, the stator currents
are highly distorted under unbalanced stator voltages conditions.
In [22], an SM-DPC is proposed for DFIG control system. SVM
technique is combined with the SM-DPC method. However,
three control targets are realized under unbalanced grid voltages.
In the designing of the control law in sliding-mode method, the
positive control gains and the boundary layer should be well
designed. It is kind of complex in the practical applications.

In this paper, a new DPC method based on extended power
theory [23]-[25] is proposed. A novel rotor voltage is calculated
using the proposed DPC-SVM method. Without any power com-
pensation terms, the proposed DPC-SVM method can be directly
used under balanced and unbalanced network conditions. Un-
der balanced network conditions, it achieves a satisfactory con-
trol performance equal to that of the DPC-SVM method based
on conventional instantaneous power theory. Under unbalanced
network conditions, this method achieves the control target of
ensuring a constant stator-side active power and extended reac-
tive power, as well as sinusoidal stator current. In the proposed
DPC-SVM method, a constant switching frequency and satis-
factory control performance are realized under both balanced
and unbalanced network conditions. A preliminary study of the
proposed method was presented in [26] and it was enhanced in
this paper with detailed theoretical analysis and extensive ex-
perimental results. It is analytically derived that, by using the
extended power theory, the power compensation value is zero.
This explains in theory why the proposed method can achieve
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good performance without any power compensation. The effec-
tiveness of the proposed method is validated by both simulation
and experimental results from a 1.5-kW laboratory DFIG control
system.

II. DYNAMIC MODEL OF DFIG

A. Basic Equations of DFIG

The mathematical model of a DFIG described in a stationary
reference frame can be expressed as [2]

. dvy
s = Rs s £ 1
u 15 + i @)
.ody,
Uy = err + :ft - ]w'r'wr (2)
ws = Lsts + Ly, (3)
wr = Lmzs + Lrir (4)

where us, u,, s, t,, V¥4, and 9, are the stator voltage vector,
rotor Voltage vector, stator current vector, rotor current vector,
stator flux vector, and rotor flux vector, respectively; R, R, L,
L,, and L,, are the stator resistance, rotor resistance, stator in-
ductance, rotor inductance, and mutual inductance, respectively;
and w,- is the electrical rotor speed.

From (3) and (4), the stator and rotor currents can be expressed
using the stator and rotor fluxes as

is = A (Lr"ps - mer) Q)
ir = (*mes + Ls";br) (6)
where A =1/ (LsL, — L2)).

m

From (4) and (6), the rotor flux can be expressed by the stator
flux and stator current, that is

L 1

¥ = 1%,

s T 0

According to the original power theory introduced in [27], the
complex power vector S on the stator-side of the DFIG can be
expressed as

3
S:Ps+st:§i:'us (8)

@, 9

where “x” is the conjugate operator of a complex vector.

The instantaneous active power P, and reactive power ()
can be expressed as the real and imaginary components of the
complex power S

P, =Re(S) = gRe (Tus) ©)

3
Qs =Im(S) = §Im (Tuy) (10)
where the superscript “x” denotes the conjugate operator of a
complex vector.
Extended reactive power theory is proposed in [23] and [24],
where the extended reactive power is expressed as

3 o
Q" = FRe (iLu)) (n
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where the variable u/, lags u, by 90 electrical degrees, whichis ~ where

corresponding to a quarter of the fundamental period [28].
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Under balanced network conditions, the extended reactive Pso = % < © u + zsdq © usdq)
power can be expressed as Pocosz = % ( g O Uy T, O ul )
Q. = %Re (iuy) = gRe (45 - (—jus)) Posina = % ( bsdg @ Ysd Gdq) (19)
. =3 (6 ® Wty g © )
= glm (du,). (12) oy, =3 ( i, ®ul, Hsdq & ul, )
Clearly, the extended reactive power is the same as the con- O = % ( O Uy, + gy © usdq)

ventional reactive power under balanced network conditions.

B. Equations of DFIG Under Unbalanced Network Conditions

Under unbalanced network conditions, the stator voltage and
stator current can be expressed as the sum of their respective
positive sequence components (PSCs) and NSCs, i.e., [13]

Uy :uz_—‘,—u; :usdqeng +u ]wgt (13)
bs =) +iy =it @ + i;dqeﬂ%t (14)
+ - '+ _;t
where usdq - usd +Ju8q’ sdq usd +Jusq’ sdq tsd +

jz’jq, Uoqq = lsq T Jisq and wy is the fundamental grid frequency.
The subscript “dq” represent the synchronous reference frame.

The delayed value of the unbalanced stator voltage u/, and
stator current ¢/, can be expressed as

Ul = jdqej(wg ) 4 usidqeij(wgtfg)
= —Jusdq st +ju;dqe*j‘”9t
= —jul +ju; (15)
i = ity @t ) gy e it T)
= jdqew t +ji;dqe*1wgt
—jif +jis . (16)

Under unbalanced network conditions, the expressions of the
stator active power and extended reactive power can be extended
based on (9), (11), (13), (14), and (15), that is [26]

P, = gRe (2% - us)

3 . . *
= 5Re [(i:dqej“’gt + isqueﬂwgt)
()]

= 150 + Ps,c0s2cos (zwgt) + Ps,sinZSin (zwgt) (17)

3 o\
= 5Re {( i, iy e_J“’gt)

’ ( jdqe]wg + jusidqeingt) :|

= Q50 + Qo208 (2wgt) + QTnpsin (2wgt) - (18)

From (13), (14), (15), and (16), the PSCs and NSCs of stator
voltage and stator current in the synchronous reference frame
can be expressed by their original and delayed variables in the
stationary reference frame, that is

Uiy | _ L€ jet ot | Tuy 20)
e N a B
ijdq B 1 e iwgt jefngt Qs .
i T 9| pwet  _jgwat | 4L ] 2D
sdq Jers s

Substituting (20) and (21) into (19), (19) can be expressed
using the original and delayed voltage and current signals under
stationary reference frame

Py =3(i;0us+1i,0u))
Psos2 = % (Ps1c0s (2wgt) + Psosin (2wgyt))
Pygna = % (—Ps2c08 (2wyt) + Psysin (2wyt)) 22)
W =1 ou - ou,)
sz = 5 (Psacos (2wgt) — Paysin (2wgt))
2 = 5 (Psicos (2wgt) + Paosin (2wgt))
where
{Psl =i, Ous — iy, O u 23)
Py =i, 0u, +1i, O u,.

III. PRINCIPLE OF CONVENTIONAL DPC-SVM AND PROPOSED
DPC-SVM

A. Overall Control Diagram of Two Methods

Fig. 1(a) illustrates the overall control diagram of the
conventional DPC-SVM method [9], [12], including the 3/2
transformation of the stator voltages/currents, power calcula-
tion block, rotor voltage vector calculation, and SVM block.
The overall control diagram of the proposed DPC-SVM is
presented in Fig. 1(b). The second-order generalized integrator
(SOGI) [29] is utilized to obtain the original stator voltages
and delayed stator voltages. The stator-side active power and
extended reactive power are calculated in the stator-side power
calculation block. On the basis of the delayed stator voltages,
extended stator-side reactive power, and other variables of the
DFIG, the rotor reference voltage is calculated by the proposed
DPC-SVM method. The details of the conventional DPC-SVM
and the proposed DPC-SVM are explained in the following.
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Fig. 1. Control diagram of (a) conventional DPC-SVM and (b) the proposed
DPC-SVM.

B. Conventional DPC-SVM

Under ideal network conditions, the derivative of the complex
power can be obtained from (1), (2), (3), and (4) as [2], [9]

ds_15 i*dus+di’s‘u
dt U\ de dt °

= — (AL, Rs —jws) S + 1.5 ()LLT Jug|?

ALy, (wy — R,2) us + jAL,w, (Pius))  (24)
where A =1/ (L,L,
speed.

The derivative of the stator-side complex power in (24) can
be discretized using the first-order Euler method, that is

— L,Qn) and wg = wy — w, is the slip

k k+1 _ Qk
(dS) _ S ) 25)

dt Tee
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where T, is the sampling period of the control system, the super-
scripts “k” and “k + 17 represent the kth and k£ + 1th sampling
instant.

The aim of the conventional DPC-SVM is to achieve deadbeat
control of the complex power, namely, S™f = S**1_ Substitut-
ing (25) into (24), (24) can be expressed as

ref _ Qk
ST_S = = (LR —july) 85+ 15 (AL, [ul

= () -

ikt () )

where T, is the control period.
Solving (26), the desired rotor converter voltage vector can
be obtained as

2 (Sk _ Sref)* L, .

(26)

(AL, R, + jwk))

ref _ 5
T T AL T (W) Ly AL,
L wk .
—JL LRV R @7

Finally, the rotor reference voltage is supposed to be trans-
formed from the stationary reference frame to the rotor reference
frame, and the ultimate required rotor voltage u”™*' is obtained,
that is

ref
r

u 6197‘

roref
7‘7 =u

where 0, is the rotor electrical angle and the superscript “r”
denotes the rotor reference frame.

C. Proposed DPC-SVM

Under balanced network conditions, (12) shows that the ex-
tended reactive power is the same as the conventional reactive
power. Therefore, there is no difference between the conven-
tional DPC-SVM method and the proposed DPC-SVM method
under balanced network conditions. Under unbalanced network
conditions, from (13) and (15), the differentiation of the stator
voltage vector and its delayed value in the stationary reference
frame can be obtained as

dug . . _

dt( = jwgul —jwguy = —wu (28)
d !/

;‘ts = wou + Wyt = Wy, (29)

As is mentioned before, the original stator voltages and de-
layed stator voltages are directly obtained by the SOGI [29] un-
der unbalanced network conditions. The main diagram of SOGI
is illustrated in Fig. 2. The input of the SOGI is the stator voltage
vector us. The output of the SOGI is the filtered stator voltage
u, ¢ and one-quarter fundamental period delayed variable w/, £

The transfer function of SOGI can be expressed as

ugp(s) kws

D(s) = u, (s) 82+ kws + w? (30)
_uiy(s) kw?

Q) = us(s) 82+ kws + w? G
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Fig. 2. Diagram of SOGI.

where k is the gain constant, which is set to v/2 in this paper. w
is the fundamental frequency of the grid voltage, which is 50 Hz
in this paper.

The differentiation of the stator current can be obtained from

(5) as
dis dip dip,
dt _A(LT FTRRAT )
From (1), (2), (9), (11), (28), and (32), the differential of the
active power can be obtained as
dPs
dt

(32)

= 1.5AL, |us|* — 1.50L,,Re (u u?)

+ 1.5AL, Ry Re (irus) — 1.5A L, w,Im (ugt)y)
+ 1L.5w,Im (tjus) — AR Ly Ps — wy Q2. (33)

Similarly, the differential of the extended reactive power can
be obtained from (1), (2), (9), (11), (29), and (32). Specifically

dQu>
dt

= 1.5AL,Re (u)u) — 1.5AL,,Re (v u))
+ 1.5AL, R, Re (i7u)) — 1.5AL,w,Im (u)1)?)
+ 15w, Im (¢5u)) + wy, Ps — ARs L, Q2. (34)

On the basis of the first-order Euler method, the deriva-
tive of the stator-side complex power in (33) and (34) can be

discretized as
dpr,\*
dt

nov \ k nov nov
dQs _ Qs At _ Qs ¥
dt Tse ’

Pk+1 o Pk
T T

Similar to (26), the stator-side active power and extended re-
active power in the next instant are replaced by their reference
values. Then, (33) and (34) can be expressed as

L | PE=Pf | 3L, | ulul, + ulguly
T | @ —Quovh |~ 72 [ulhub, +ubuly

_ SALTO)T ufﬁwga - u?a ]:B

k .k k .,k

2 U;B sa _u;a sB

ko k ik k

+ SALmRr lraUsa + Zrﬂusﬂ

2 ifau;ka + Z];Bu,skﬁ
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k

k k
- 3)\Lm Usey us,@ Upo
k k k
’u’{sa u;ﬁ urﬁ

2

k sk k -k
U al — U,
T vy
sB’Lsa — Usalsp
N —ARsL., —w’; Pf
wh  —AR L, | |Quevk
(35)

[Pt}

where the subscripts “«”” and “3” represent the c-axis and [S-axis
of the stationary reference frame.

Solving (35), the final rotor-side reference voltage is calcu-
lated as

k 'k k ref k
Yra | _ — # Usp  ~Usp Ps - Ps
UﬁB 3)"Lstc0 —U;IL ufa Qgef _ anomk

1k k k ,k k , k
+ Lo Usg  ~Usp UgqUsy T Ugglig
'k k 1k, k 1k, k
Lino TUsq Usa sallsq T Usplisg
1k k k Lk k k
_ Lywy | ugg —ugg UgpVsn — Uga Vg
1k k 1k .k 1k 1k
Lo | —ul,  uf, U Vs — Uy Vg
1k k ko k ko, k
& Ugg  —Ugg Ly Uen T 1l
1k k ko 1k ko 1k
g _usa usa Zrozusa + Zrﬁusﬁ
1k k k sk k sk
n Wy Ugy  —Ugg Ugglon — Ugalsp
1k k 1k sk 1k :k
)\.Lm,o— —Ugq Ug usﬁlsa _usazsﬁ
1k k k
+ 2 Ugp  —Ugp —ARs Ly —Wy
BALyo | —uk, b W]; —AR.L,
p¥
' Qno’u,k (36)
S
.k ok 1k, k
where o = U, Ul — U udy
wt = upy + juyg. 37)

Similarly, the rotor reference voltage vector is supposed to be
transformed from the stationary reference frame to the rotor ref-
erence frame. The final calculated rotor reference voltage vector
u”™" is as follows:

roef ) ref
" =

. g0
u, -e

u (38)

D. Power Analysis Under Unbalanced Network Conditions

Under unbalanced network conditions, due to the extended
reactive power is used in the proposed DPC-SVM method, con-
stant stator-side active power and extended reactive power can
be realized under the assumption that stator currents are sinu-
soidal but unbalanced. That also means that the stator currents
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only contain fundamental components without other harmon-
ics under unbalanced network conditions in the proposed DPC-
SVM. However, under unbalanced network conditions, the stator
currents will be distorted when constant stator-side powers are
achieved in the conventional DPC-SVM. The detailed explana-
tions are presented in this section.

From (19), the control target of the proposed DPC-SVM under
unbalanced network conditions can be expressed by the equation
set, that is

Pg =P

Ps,cosQ =0

P‘; sin2 = 0
nov __ ref (39)
s,0 - Qs
2?3052 =0
iz = 0.

It is observed in (19) that
Ps cos2 — gosvinz
{ P.o— —(Qnov (40)
5,8in2 — 5,C082°

The two oscillation terms of extended reactive power in (39)
can be removed. The six equations proposed for solving the
required reference stator currents are reduced to four equations.
Four stator current components need to be solved, that is:
jd, ;, sd> isq- 1t denotes that the injecting NSCs of stator
currents is sufficient and necessary to obtain constant values
of stator-side active power and extended reactive power under
unbalanced network conditions in the proposed DPC-SVM
method. From (19), (20), (21), (39), and (40), the reference

stator currents can be calculated as

2ju
3 (us @ul)

!
-ref

i — JU A P;ef T

g 7s . ref
s 3(us @ul) @ “h

No other current harmonics need to be injected to keep
the constant stator-side powers. Therefore, the distortion
on the stator-side currents will be eliminated under unbal-
anced network conditions. The stator-side currents are sinu-
soidal but unbalanced because the NSCs are contained in the
currents.

While in the conventional DPC-SVM, from (10), (13), and
(14), the constant value and oscillation terms of conventional
stator-side reactive power can be expressed as

QS,O = % ( sdq ® usdq + ,L ® uSdQ)
Qscos2 =3 ( qu ® Ugyy + gy ® usdq) (42)
Qs,sin2 % ( gdq © u 5dq © usdq)
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TABLE I
CONTROL AND MACHINE PARAMETERS

DC bus voltage (V) Uge 100
Sampling frequency (kHz)  fsc 10
Stator/rotor turn ratio N 3.36
Rated power (kW) Py 1.5
Grid voltage (V) Un 212
Rated frequency (Hz) N 50
Number of motor pairs Ny, 3
Stator resistance (£2) Rs 4.570
Rotor resistance (£2) R, 3.228
Mutual inductance (mH) Ly, 21457
Stator inductance (mH) Ls 225.40
Rotor inductance (mH) L, 225.40

Keeping constant in conventional

DPC-SVM means that

stator-side powers

13S 0 — Pref

PS,COSQ =0

Ps,sin2 =0

Qso =QF )
QS,COSQ =0

Qs,sinQ =0.

The power oscillation terms do not satisfy the relationship
that is proposed in (40). Therefore, all six equations are re-
quired to solve the four current components in conventional
DPC-SVM method. The feasible solution to the four variables
(zg e ;], sd» Usq) cannot be obtained. Other than the PSCs and
NSCs, current harmonics will be injected in the stator currents
to obtain constant stator-side powers under unbalanced net-
work conditions. So when the control target of keeping constant
active power and reactive power are realized, the stator cur-
rents in conventional DPC-SVM are distorted under unbalanced
network conditions.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results

In this section, all the simulation results of the conventional
DPC-SVM method and of the proposed DPC-SVM method are
presented. The conventional DPC-SVM and proposed DPC-
SVM methods are simulated in MATLAB/Simulink for a
1.5-kW DFIG control system. The machine parameters of the
DFIG are shown in Table I. In addition, the simulation results
from conventional DPC-SVM are presented for comparison. The
sampling frequencies of the conventional DPC-SVM and pro-
posed DPC-SVM method are 10 kHz.

Fig. 3 shows the simulation results of two DPC methods
when the network condition changes from balanced to unbal-
anced. From top to bottom, the curves shown in Fig. 3 are the
stator-side active power, stator-side conventional reactive power,
stator-side extended reactive power, stator currents, rotor cur-
rents, three-phase grid voltages, and electromagnetic torque.
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Fig. 3. Simulation results of two DPC methods when the network con-
dition changes from balanced to unbalanced. (a) Conventional DPC-SVM.
(b) Proposed DPC-SVM.

Two types of reactive powers are plotted in one channel for
comparison. Fig. 3(a) shows the control performance of con-
ventional DPC-SVM when the grid voltage changes from bal-
anced to unbalanced. At0.1 s, the phase A grid voltage decreases
from 212 V to 70%, 148.4 V. It can be observed in Fig. 3(a) that
when the network condition becomes unbalanced, the real stator-
side power closely tracks its reference value. In addition, in the
stator-side reactive power channel, the extended reactive power
oscillates when the grid voltage is unbalanced. Moreover, the
stator currents and rotor currents are severely distorted under
the unbalanced network conditions. Fig. 3(b) shows the control
performance of the proposed DPC-SVM method when the net-
work voltage changes from balanced to unbalanced. In Fig. 3(b),
the stator-side active power and extended reactive power track
their reference values closely. The conventional stator-side re-
active power oscillates when the network condition is unbal-
anced. Under the unbalanced network condition, three-phase
stator currents are sinusoidal. It can be found in Fig. 3 that
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Fig.4. Simulated harmonic spectra analysis of stator currents under the unbal-
anced network condition. (a) Conventional DPC-SVM. (b) Proposed DPC-SVM.

there is some impact on the torque oscillation range of DFIG
in the proposed DPC-SVM method when compared with con-
ventional DPC-SVM. The oscillation range is relatively small
in the proposed DPC-SVM method than that of conventional
DPC-SVM method. The harmonic spectra analysis of the stator
currents under the two DPC methods is presented in Fig. 4. In the
conventional DPC-SVM method, the total harmonic distortion
(THD) of the phase A stator current is 11.04% under unbal-
anced network conditions. However, the THD of the phase A
stator current under the proposed DPC-SVM method is 0.85%
when the network is unbalanced.

Fig. 5 shows the simulation results of two DPC-SVM meth-
ods when the network conditions change from unbalanced to
unbalanced and distorted network conditions. Fig. 5(a) shows
the simulation results of conventional DPC-SVM method when
the network conditions change from unbalanced to unbalanced
and distorted. In Fig. 5(a), phase A grid voltage dips from 212 'V
to its 50%, 106 V at first. Then, 10% fifth-order harmonic com-
ponent and 10% seventh-order harmonic component are added
to the grid voltage at 0.1 s. It is observed that when the network
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Fig. 5. Simulated steady-state responses of two DPC methods when the
network conditions change from unbalanced to unbalanced and distorted.
(a) Conventional DPC-SVM. (b) Proposed DPC-SVM.

conditions change from unbalanced to unbalanced and distorted,
substantial harmonic components emerged in the stator currents,
rotor currents, and stator-side powers. Fig. 5(b) shows the simu-
lation results of the proposed DPC-SVM method. Compared to
conventional DPC-SVM, the harmonic components are much
reduced in the stator currents, rotor currents, stator-side pow-
ers, and electromagnetic torque. However, there are still some
distortion in the stator currents and rotor currents. More work
needs to be done to extend the proposed method to the condition
of unbalanced and distorted network. As this part of work is out
of scope of this paper, it is not further expanded here and may
be studied in the future.

Fig. 6 shows the dynamic responses of two methods when the
reference value of the stator-side active power P changes step-
wise from 0 to —1000 W. In Fig. 6(a), when the reference value
of the stator-side active power changes under the conventional
DPC-SVM method, the real value of the active power perfectly
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Fig. 6. Simulated dynamic responses of two methods when P™f increases
from 0 to —1000 W. (a) Conventional DPC-SVM. (b) Proposed DPC-SVM.

tracks its reference value. In addition, the real value of the stator-
side active power follows its reference value closely when the
reference value of the active power changes. However, after the
active power changes, the stator currents are severely distorted.
In Fig. 6(b), when the reference value of the stator-side active
power changes from 0 to —1000 W, the real active power also
perfectly follows. In addition, the real value of the extended
reactive power closely tracks its reference value without any
oscillations. The stator currents are sinusoidal after 0.1 s, which
is different from the distorted stator currents in the conventional
DPC-SVM method.

Fig. 7 compares the dynamic responses of the two DPC-SVM
methods when the rotor speed changes from 700 (slip s = 0.3)
to 1300 r/min (slip s = —0.3). The speed range almost coin-
cides with the possible operating range of the DFIG. In the con-
ventional DPC-SVM method, the real values of the stator-side
power track their reference value closely in Fig. 7(a), but the
stator currents are distorted. It is highly inappropriate to directly
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Fig. 7. Simulated dynamic responses of two DPC methods when the ro-
tor speed changes from 700 to 1300 r/min. (a) Conventional DPC-SVM.
(b) Proposed DPC-SVM.

use the conventional DPC-SVM method in the control system of
a DFIG under unbalanced network conditions because the qual-
ity of the stator current is one of the most important requirements
of the grid operator. However, in Fig. 7(b), the real values of the
stator-side active power and extended reactive power closely
track their reference values. The three-phase stator currents are
sinusoidal under unbalanced network conditions, even when the
rotor speed changes in a large range.

Fig. 8 shows the control performance of proposed DPC-
SVM method under unbalanced network conditions when the
estimated stator resistance R, rotor resistance R,, and mu-
tual inductance L, vary from 70% to 130% of their nominal
values. The parameter k is the ratio of estimated parameter in
the controller to its nominal value, it increases 10% after ev-
ery 0.05 s in Fig. 8. In Fig. 8(a), the deviation of stator re-
sistance has a little influence on the real value of stator-side
active power. The steady-state error of the active power is within
420 W when the stator resistance varies from 70% to 130% of
its nominal value. Such error is negligible when comparing with
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Fig. 8. Simulation results of proposed DPC-SVM method under unbalanced
network conditions when the machine parameters vary from 70% to 130% of
their nominal values. (a) Stator resistance R varies. (b) Rotor resistance R,
varies. (¢) Mutual inductance L, varies.

the reference value, —1000 W. In Fig. 8(b), the steady-state er-
rors of stator-side active power and reactive power are produced
when the rotor resistance varies. The values of the stator-side
power errors between the real values and the reference values
are small. In Fig. 8(b), when the mutual inductance changes, the
steady-state errors of stator-side active power are produced. The
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reference value of the active power is —1000 W, the steady-state
error is within £60 W when the mutual inductance varies from
70% to 130% of its nominal value. Some oscillations are con-
tained in the real value of stator-side active power and extended
reactive power when the mutual inductance deviates from its
nominal value. This paper focuses on achieving constant stator-
side powers and keeping sinusoidal stator currents under unbal-
anced network conditions. To reduce the influence of the esti-
mated parameter errors, especially the mutual inductance, some
online parameter identification methods [30] may be applied to
the proposed method for future study.

B. Experimental Results

To confirm the effectiveness of the proposed DPC method
in Section III, experimental tests are performed on a two-level
DFIG experimental platform. The various parts of the experi-
mental platform are shown in Fig. 9. MicroLabBox from dspace
is utilized to implement the control algorithms. The DFIG is
driven by a permanent magnet synchronous machine (PMSM),
which is fed by an ac servo controller. A bidirectional dc power
supply is employed to provide the constant dc bus voltage ir-
respective of the subsynchronous or supersynchronous opera-
tion of the DFIG. During the tests, all the experimental results
were recorded using ControlDesk interfaced with MicroLabBox
and a PC. These data were further analyzed and plotted using
MATLAB.

Fig. 10 shows the steady-state performance of the two DPC-
SVM methods under balanced network conditions. From top to
bottom, the curves shown in Fig. 10 are the stator-side active
power, two types of stator-side reactive power, three-phase sta-
tor currents, and three-phase rotor currents. The reference value
of the stator-side active power is —1000 W, and the reference
value of the reactive power is 0 Var. It is observed that the steady-
state performance of the two DPC-SVM methods is almost the
same when the grid voltage is balanced. In Fig. 11, the har-
monic spectra of the stator current of the two DPC methods are
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Experimental platform for DFIG system. (a) Control and main circuits. (b) DFIG and prime mover.

620msydiv)
> 4

P,(1kW/div)
Qs(1kVar/div)

L Lsabe ( 5A/diV) B

(éOms)div)
> 4

P,(1kW /div)
Qs (1kVar/div)

L Isabc (5A/le)

(b)

Fig. 10.  Steady-state performance of two DPC-SVM methods under balanced
network conditions. (a) Conventional DPC-SVM. (b) Proposed DPC-SVM.

presented. In conventional DPC-SVM, the THD of the phase A
stator current is 2.14%, and in the proposed DPC-SVM method,
the THD of the phase A stator current is 2.12%. The two DPC
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methods achieve very similar performances under balanced net-
work conditions, which confirms the previous analysis that the
proposed DPC method is equivalent to the conventional DPC
method under balanced network conditions.

In Fig. 12, the experimental results of the conventional DPC-
SVM and proposed DPC-SVM methods are presented. The
phase A grid voltage decreases to 70% of its original value at
0.1 s, which means that the phase A voltage changes from 212
to 148.4 V. After 0.1 s, the conventional reactive power tracks
the reference value O Var, and the extended reactive power os-
cillates at twice the network frequency. The stator currents are
severely distorted in Fig. 12(a) when the network becomes un-
balanced. In Fig. 12(b), after the phase A grid voltage decreases
to 70% of its original value in 0.1 s, the extended reactive power
closely tracks the reactive reference value without any oscilla-
tions. The conventional reactive power oscillates at 100 Hz. The
three-phase stator currents are sinusoidal after the grid voltage
becomes unbalanced.
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The improved steady-state performance of the proposed DPC-
SVM can also be confirmed by the harmonic spectra of the
phase A stator current of the two DPC-SVM methods. In
Fig. 13(a), the THD of the phase A stator currentis 11.20% in the
conventional DPC-SVM method when the network is
unbalanced. In Fig. 13(b), the THD of the phase A stator current
is 2.63% under the proposed DPC-SVM method when the grid
voltage is unbalanced.

The dynamic responses under the two DPC-SVM methods
are investigated in Fig. 14. In Fig. 14(a), the stator active power
steps from 0 to —1000 W at 0.1 s, while the stator reactive
power remains at O Var. In addition, the network remains unbal-
anced when the phase A grid voltage decreases to 70% of its
original value. Similar to Fig. 12(a), the conventional reactive
power tracks its reference value without oscillations. In addi-
tion, the extended reactive power oscillates at twice the grid fre-
quency: 100 Hz. Fig. 14(b) shows the dynamic responses of the
novel DPC-SVM method; after 0.1 s, the three-phase stator cur-
rents are sinusoidal. Both the stator-side active power and stator-
side extended reactive power track their reference value without
oscillations.

Fig. 15 shows the dynamic responses for the two DPC-SVM
methods under unbalanced network conditions when the rotor
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Fig. 13.  Harmonic spectra of the stator current when the network is unbal-
anced. (a) Conventional DPC-SVM. (b) Proposed DPC-SVM.

speed changes from subsynchronous speed to supersynchronous
speed. The rotor speed changes from 900 (slip s = 0.1) to
1100 r/min (slip s = —0.1). In Fig. 15(a), when the rotor speed
changes, the real values of the stator-side active power and re-
active power track their reference values closely. However, the
three-phase stator currents are severely distorted, which con-
firms that the conventional DPC-SVM method is not appropriate
for unbalanced network conditions if no other measure is com-
bined with the DPC method. In contrast, in Fig. 15(b), when
the proposed DPC-SVM method is used, the real values of the
stator-side active power and extended reactive power follow their
reference values closely. Moreover, in the wide speed variation
range, the stator currents remain sinusoidal. The control target
of simultaneously eliminating the stator-side power ripples and
maintaining the sinusoidal stator currents is realized when the
DFIG operates at subsynchronous speed and supersynchronous
speed.
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V. CONCLUSION

This paper proposes a novel DPC-SVM method for DFIGs
that is able to work effectively under both balanced and un-
balanced grid voltage conditions. In contrast to the conven-
tional DPC-SVM method, the proposed DPC method adopts
extended power theory. The required rotor reference voltage
is calculated based on the principle of deadbeat power con-
trol. During the calculation process, the power slopes are de-
rived analytically considering the voltage unbalances. Then,
SVM is utilized to synthesize the calculated rotor reference volt-
age. Compared with the state-of-the-art solutions, the proposed
DPC-SVM achieves the predefined control target under unbal-
anced network conditions without any other power compensa-
tion terms. The proposed method is compared to conventional
DPC-SVM, and its effectiveness is validated by the presented
simulation and experimental results under different operating
conditions.
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