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Abstract: Harmonic stability of double-fed induction generators (DFIGs) now has become a significant
topic because of its harmful impact on power quality issues of the system. Since the double pulse
width modulation (PWM) converter is one of the main harmonic sources in DFIGs, it may cause
harmonic instability with increasing harmonic contents. Thus, the modeling and stability analyses of
PWM converters in DFIGs are essential steps to assess the harmonic stability of DFIGs. Aiming at
dual PWM converters, which include the grid side converter (GSC) and the rotor side converter (RSC),
this paper divides converters into two parts: circuit modules and control modules. Closed-loop input
impedance models of each module are then derived by means of transfer functions. Hence, the stability
of the system can be readily predicted through Nyquist diagrams. The contributions of parameters to
the system’s harmonic stability are also identified. Finally, time-domain simulations are conducted
in a real-time digital simulation (RTDS) system. Simulation results confirm that the established
impedance model can effectively reveal the stability of the DFIG-based system and can give critical
conditions for the occurrence of harmonic instability.

Keywords: DFIG; PWM converter; impedance modeling; harmonic instability; RTDS

1. Introduction

When it comes to wind power generation, a double-fed induction generator (DFIG) is a more
advanced and ideal technology in wind generation development. Compared with other wind
generators, DFIGs have many advantages in performance such as their good stability when they are
connected to the grid and their decoupled control of active and reactive power [1-3]. These advantages
are based on double pulse width modulation (PWM) converters, which are widely used in DFIG systems
for their independent control of reactive power at both sides. However, double PWM converters are
the main harmonic sources in DFIGs and will inject a large number of harmonics into the grid current,
causing voltage fluctuation and distortions in the system [4,5]. With increasing harmonic currents,
the system faces great challenges in power quality and stability issues [6].

In recent years, the proportion of DFIGs in wind power systems has vividly increased due to the
rapid development of renewable power sources. As a consequence, the converter harmonic stability is
becoming an important issue that must be solved. In order to analyze the stability of a DFIG-based
system, two effective system-level methods have been proposed for stability analyses: a time-domain
eigenvalue analysis based on the state-space model and an impedance-based analysis based on the
transfer functions in the frequency domain [7-13]. The eigenvalue analysis usually involves the
derivation of system matrices, which leads to high computational complexity in modeling the system.
Different from an eigenvalue analysis approach, an impedance-based analysis can easily assess system
stability without prior knowledge of system parameters. This allows the modeling of converters to turn
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into black-box modeling, and this practice will significantly improve modeling efficiency. What is more,
an impedance-based approach can capture converter terminal dynamics at the point of connection
(PoC) and then translate them into an impedance representation [14]. So, because of the easy access
to converter terminal dynamics and the high modeling efficiency, the impedance-based analysis is
applied for rotor side converter (RSC) and grid side converter (GSC) impedance modeling, and the
equivalent closed-loop impedance of a DFIG-based system is given in this paper.

The impedance-based analysis is first developed for a dc power system and then expanded to
a three-phase ac system [15]. An impedance model based on transfer functions of inverters in a
three-phase power system was developed [16-19]. In [16,17], the parallel grid-connected converter
filter system was established by impedance modeling to study the harmonic resonances and dynamics
of converters. In [18], the general impedance model of converter terminals at the LCL filter was derived
to analyze the harmonic instability of wind farms. Xiao and Gole [19] derived a macro impedance
model and analyzed the dynamics of converters at the ac side by using frequency scanning; however,
this macro model did not reveal detailed contributions of each parameter to the system’s harmonic
stability. The difficulty of modeling RSC and GSC in DFIGs is their different control strategies and the
detailed power flow interactions between them [20]. However, previous works and papers lacked
focus on the macro modeling of DFIGs, which is useful for system-level analyses. Moreover, detailed
converter modeling that includes control systems with the phase lock loop (PLL) is often overlooked;
thus, specific parametric influences on harmonic stability cannot be predicted.

In order to fill this gap, this paper attempts to utilize an impedance-based approach in
DFIG-based systems and formulate detailed models of RSC and GSC with means of transfer functions.
Thus, harmonic stability of a DFIG-based system can be readily assessed. Figure 1 depicts the modeling
and analysis procedures in this paper. Impedance modeling procedures of RSC and GSC can be
respectively divided into two parts, where detailed small-signal models of main circuits and control
systems with PLL are formulated as transfer functions. The closed-loop impedance of the whole
DFIG-based system then can be obtained considering the electrical relationship between dc variables
and power grid parameters. At last, Nyquist stability criteria are applied to analyze the stability of the
system, and a real-time digital simulation (RTDS) is used to verify the theoretical analysis.

Small-Signal | Small-Signal
GSC | osccireit b Transfer [— —  Transfer | rsc ciranit | RSC
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Figure 1. The logic path of modeling and analysis procedures in this paper. Both rotor side convertor
(RSC) and grid side convertor (GSC) models can be divided into two parts: the main circuit module
and the control module with PLL.
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The rest of this paper is organized as follows: In Sections 2 and 3 the small-signal models of RSC
and GSC in DFIG are derived by means of transfer functions. In Section 4, equivalent systems of
DFIG and closed-loop impedance are obtained, and then RTDS simulations are conducted to verify
the impedance model. In the last part, results of the whole impedance modeling and the analysis of
stability are summarized.

2. Small-Signal Modeling of the Rotor Side Convertor (RSC) in the Double-Fed Induction
Generator (DFIG)

Figure 2 gives the general architecture of the DFIG-based system, where RSC is connected to the
power grid via motors, and GSC is directly connected to the power grid [21]. The structure diagram of
RSC is given in Figure 3. According to Figure 1, the small-signal models of RSC, including the main
circuit and the control system with PLL, will be derived in this section.
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1\ Motor

N1
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Figure 2. The structure diagram of the double-fed induction generator (DFIG)-based system.
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Figure 3. The structure diagram of RSC with the control system. The GSC and dc link are substituted
by a dc voltage source. The orange dash line box is the circuit module of RSC, and the green dash line
box is the control module of RSC.
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2.1. Small-Signal Modeling of the RSC Circuit
From Figure 3, the electromagnetic equation of the rotor and stator in DFIG in the dg frame can be
given by:
U, = ~Romisg + o8 — oy g,
Usg = —Romisg + ‘ij—;q + w1y
Uy = Rymiyg + dlé}—trd — WslipPrg
tg = Reopirg + 511 + @t

)

where u,; and us,, respectively, mean the dq axis stator voltages; u,; and u,, respectively, mean the
dg axis rotor voltages; Ry, and R, respectively mean the stator resistance and the rotor resistance;
is1,, means dq axis stator currents; and i,4, means dq axis rotor currents. Yy and s, are the stator flux
vectors in the dq axis. {4 and s, are the rotor flux vectors in the dq axis; wg;, = w1 — wr.

In fact, the equation of flux in Equation (1) is given as:

Ysd = —Lsmisq + Lmira
Ebsq = _Lsmisq + Lmirq
Yrd = —Lmisqg + Lemiyg
Ebrq = _Lmisq + erirq

@

where L, is the self-inductance of the stator, L, is the self-inductance of the rotor, and L,;, is the
mutual inductance.

Using Equation (2) in Equation (1), the small-signal transfer function from currents and voltages
can be obtained. The superscript and subscript £ means small-signal variables in the main circuit,
and the subscript x; ;¢ represents the variables of the stator, rotor, and grid, respectively.

ﬁgzi [ —Rsm —SLsm  w1Lsm SL — 1Ly ZZ;
12';:1 _ —w1Lsm — Rgyy —SLgyy w1l sL;, l%
ﬁ:’; —sLy, a)slime Ry +sLyy - a)slierm i:,’;
urmq | —wgiipLm —sLm  wgipLym Ry + sLym 1%

- ’}m
Zssdd Zssdq Zsrd Zsrdq L

D,

_ Zssqd Zssqq Zsrqd Zsrqq 1277 (3)

Zysqd erdq Zyrgd erdq i’:;

L erqd erqq erqd erqq i%
’fm
) A.sd
o GA GB l;nq
| Ge Gp || ™
m
rq

The transfer function matrixes from rotor and stator currents to rotor and stator voltages are
defined in Equation (4), where G4 means the module transfer function from stator currents to stator
voltages, Gp means the module transfer function from rotor currents to stator voltages, G¢ means the
module transfer function from stator currents to rotor voltages, and Gp is the module transfer function
from rotor currents to rotor voltages.

Ga _| Zssdd Zssdq ] Gp _[ Zsrad Zsrdq ]
Zssqd Zssqq ’ Zsrqd Zsrqq (4)

Ge :[ Zysad erdq ] Gp :[ Zvad erdq
erqd erqq ’ erqd erqq
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The structure diagram of RSC is shown in Figure 4. From this diagram, the relationship between
the DC voltage and rotor voltages can be given as:
. di, .
U=ty + Ryipg + er;l_f - C‘)slierqu )
. Ir .
Ueq = Urg + Ryirg + L— + WslipLrirg

Hence, the small-signal model between DC voltage and rotor voltage can be obtained from
Equation (5) as:
{ c{’;‘;lldc =07+ Rrj:'; + erj:'; - a)slieri’ﬂ; ©)
dygUae = fiyg + Ryt + sLyiyy + wsjipLetyy
Reorganizing Equation (6) in the form of matrixes, the small-signal model of the RSC main circuit
can be written as:

ilnzj m ﬁ;n’él *m
i i il i
Al —B[ Ard ] , C o —D[ Jd ] , (7)
drg drg
where
Ry +sL, —wgi,Lly Uy 0 -1 0
A= P , B = 8
[ wslier Ry + sL; 0 —Uye 0 -1 ®)
C— 1 0 —lec 0 D= —R; —sL, wslipLV (9)
O 1 0 _udc ! _a)sher _Rr - SLr

Hence, using Equations (7), (8) and (9), the small-signal transfer relationship between the rotor
side variables and the duty cycle can be written as:
= 11]A7'B
Ge=1[00 ] B (10)
Gg=[0011]C'D

where Gg and Gr are transfer functions from the rotor voltage to the duty cycle and the rotor current
to the duty cycle, respectively. And then, combining the transfer functions in Equations (4) and (10),
the diagram of the small-signal transfer model of the RSC circuit is given as shown in Figure 5.

R L
U, r r u,,
L, u
+ K u, ra b
Udc uc c b urc'
er

Figure 4. The structure diagram of the RSC main circuit.
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Figure 5. The small-signal transfer diagram of the RSC circuit in DFIG.
2.2. Small-Signal Modeling of RSC Control with PLL

The RSC control in DFIG is designed for balancing the speed of motors, which fluctuates when the
wind speed is changing. According to Figures 1 and 3, the control system of RSC is a dual closed-loop
control, which includes the inner current controller and the outer speed controller [22], and then its
current control equation and speed control equation can be given as:

. kir . . . wslime
Mrdref = (kirP + %) (lrdref - lrd) - 66Uslz’]aLrqu + Towq Usd

Kirt \ . . ; (11)
quref - (ki‘fp + T) (quref - qu)urq + 6a)slier1rd
/ k&)?’
i, = (korp +kTI)(a)m,f —wy) W)
irq = (kisp + %I) (isdref —isq)

where u,4.¢ and u,.¢ are the reference dq rotor voltages; i,4,.f and i,,.¢ are the reference dq rotor
currents; k;p and k;; are, respectively, proportional (P) and integral (I) coefficients of the inner
rotor current control; k,,p and k,, represent P and I coefficients of the outer rotor speed controller,
respectively; k;;p and k;s; are P and I coefficients of the outer stator current controller, respectively; and
0 is the magnetic flux leakage (MFL) coefficient of DFIG, 6 =1 - L%1 / (LsLym)-

Hence, using Equations (11) and (12), the small-signal transfer functions of RSC control can be
obtained. The superscript and subscript £° means small-signal variables in the control system.

ﬁidre f Zidre f Z:d zid ﬁgd
v =Gipr|  © _x |1 GI ot Grs Py (13)
urqre f qure f brq rq 5q
fc "\C
[ A.Zdrgf = GurPI®r + Gis[ o ]; (14)
! i
rqref q
where
k: WslipLm
kirp + 2 0 [ 0 —OawsjipLr ] o 0
G: — s ‘ , Gr= P , Gy = Lsan 15
irPI [ 0 kirP + ]% 1 6wslip L 0 rs 0 0 ( )
_ka)rP _ Keort 0 0
Guwrp1 = S |, Gis= i (16)
0 _kisP - %I

By using Equations (13)—(16), the control diagram of RSC can be obtained as shown in Figure 6.
And according to Figure 3, the Park transformation in PLL covers three angular variables in the RSC
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control module. These variables are the rotor speed angle 9,, the system phase angle 01, and the
deviation between the previous angles, the slip angle 0.

Figure 6. The small-signal transfer diagram of RSC control without PLL in DFIG.

In order to obtain the model considering PLL small-signal perturbations, the electromagnetic
torque equation of DFIG needs to be given.

Te = tpLm (isgirg — isqira). (17)
Combining Equations (2) and (17), the electromagnetic torque can be written as:

T, = 1
e stl Lrd (8)

Then, with the mechanical dynamic of wind turbines in Equation (19), the small-signal model of
the rotor speed angle can be obtained in Equation (20). Also, with the same method, the small-signal
model of the system phase angle through PLL can be obtained in Equation (21).

J dw
Tinech — Te = ad_tr, 19)
A np Ly Us .,
0, = — ; 20
r 52] Loor L (20)
Kipi
. Kippil + —4=
b= —"————an; (21)

ky
s+ (krppll + _pH)Erd

s
where ] is the turbine moment of inertia.
Then according to the mathematical relationship in Figure 3 and the transfer path shown in

Figure 7, the small-signal transfer model with PLL from the RSC circuit module to the RSC control
module can be written as:

Kipiy
I:'Ll](kppll"" If )

kil N

S+(kppll+ f )Erd usd
I (k Kipt

L Ckpput =)

_n _anm Us " 0 “m 0
s2] Lswy °1q Ld +
n_panmlls m 1 “m

s2] Lswn “rd " 0

,—

T
=

[EE—

Kipit (22)
s+ (kppll + % )Erq

> N§>

ﬁm
= GPLLi[ d ]+GPLL1[ ﬁi{f ]

Kt
=3
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Figure 7. The angular transfer relationship between circuit module and control module on the rotor side.

Similarly, the small-signal transfer model of the duty cycle in RSC from the circuit module to the
control module through PLL and that of stator voltages and currents through PLL can also be obtained.

Kyipit
Kyt + —2=
0 - rpp—kb i 1y 1y Ly UL
im je ipll rq A P ZpmmTs pym m
dArd = |4+ s+ (keppi+ =) Era Usq 4| T Lser TTd 0 L
gm e P Kriplt o _ Iy Ll D" 0 i
q q 0 VPP”"'}(T m q 2] Lewr ~rd i (23)
S+(krppll+%pu)Erd rd
je om m
—[ d{d ]+GPLL3[ od ]+GPLL2[ Jd }
rq Usg Irg
Kriplt
1 krpp]]"’_% m
ac Kyipit rq am om
sd | — st (krppu+—— ) Era sd | =G sd 24
<= i am | = GPLLu| oo (24)
sq 0 1- Kyppi+—— m sq 59
s+(k +M)E rd
rppll S rd
kripll
m 4 m Krppn+—— am
% R T m am
2| = T | = an |+ Gruee| o (25)
1 N k J’,ip 1 u
5q jm _ m ppll ™ s om 5q 5q
Sq “sd Kripii 5q

s+(krppll+ S )Erd

Hence, using Equations (22)—-(25), the transfer diagram of RSC control with PLL can be obtained
in Figure 8.

. a"
rdg rdgq
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. Gpp 2e
i Lrdg
rdg G

+
G
l GPLLI
Am ~e
u u,
sdq ;m g dgq
u
) GPLL4 R
~ e
fm Ty L
sdq »
>
+

Figure 8. The small-signal transfer diagram of PLL in the RSC control. This PLL model links the
variables from the circuit module to the control module.
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3. Small-Signal Modeling of the Grid Side Convertor (GSC) in DFIG

Similar to the modeling procedures of RSC in Section 2, the small-signal model of GSC in Figure 1
can also be divided into two parts: the main circuit module and the control module. However, the model
of GSC must take the dc variables into account because the control strategy of GSC contains the outer
voltage control loop where dc variables are in the dc link. Figure 9 depicts the structure diagram of
GSC including the main circuit and the control system.

Grid &
o
| esccomormodue 1
GSC Control Module ;| | i . N1 ,_g,
B i i .
I o - park(e™) t%' abe /o 7] L §_
I 24 'y 8 I i 4 V<
4
& ugu
I PLL < —
I park(e™) |« g

park™ [ e
el GSC
(") Tu,
‘lec
_ U, C
A~ e d| |+
+ ! l(‘ ]
Us® ld
L ) S R A

Figure 9. The structure diagram of GSC in DFIG. The orange dash line box is the circuit module of
GSC, and the green dash line box is the control module of GSC. The dc link is taken into consideration
when modeling the GSC circuit.

3.1. Small-Signal Modeling of the GSC Circuit

According to Figure 9, the small-signal model of the GSC circuit and the DC interconnection
between RSC and GSC can be written as:

Dty +dj Use = ity = Rify = sLiky, + w1 Lifgy 26)
qulgé + d?udc = ﬁ?q - Rli?q - SLli?q - a)lLli?d
C™ = d s+ Ay + D™ + Do — d™ L — A, — Dy — Dy 27
SCatlge = 5\Aq Lgd T g Lgq T Pty T Dalgg = dyglrd = Arglrg = Dratyy = Drglrg (27)

where Dy and D, are stable GSC duty cycles in the dg frame, respectively; and Io; and Igq are GSC
output currents at a steady operation point in the dgq frame. By rearranging Equations (26) and (27),
the small-signal transfer model can be obtained as:

A

N A A T amn

m tm am am Am m m  ‘m  m o d
H[Z lgg Uge Hgg Ugy dyy drg Ty qu] —I[ gm
q

]; (28)
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where
Rj+sL; —-wil; Dg; 1 0 0 0 0 0
H=| wl, R+sl; Db 0 -1 0 0 0 0
3 3 3 3 3 3
—3Da —3Dq sCq 0 0 3la 35l 5Du 3Dn (29)
Uy, 0
J=| 0 —Ug

3 3
2ea 3y
Then, using the same method in Equations (7)-(10), the small—signal transfer functions Gy and

7. and from d'” to " dg’
in Equation (30). Also, similar small-signal transfer functions of the other variables can be obtained:
Gy, the transfer function from u?d to u ; G, the transfer function from ugld to zg ; Gk, the transfer

function from dm to u ; G, from d’” to z GO, from 1”0‘1 to u ; and Gp is the transfer function from

l:’;lq to zg . These transfer functions have mathematlcal forms 51m11ar to Equation (30).

Gum, which are the transfer matrixes from qu tol respectively, can be obtained

Gu=[0 0100000 0JHY
100000O0O0O0],, (30)
GM[OlOOOOOOO]H]

Figure 10. The small-signal transfer diagram of the GSC circuit.

3.2. Small-Signal Modeling of GSC Control with PLL

The control system of GSC is composed of the inner current controller and the outer voltage
controller, which can be written as follows [22]. Then, the GSC control small-signal diagram excluding
PLL can be obtained by Figure 11.

Acd d 2Cz:l i i
Ai ref —Gipr Ag ref A‘gg + Goi[ /:?d } + Guce[ A(gd ]} (31)
eqref lgqref 18‘1 lgq u&"l
r [k o — R
Agdrff :I kudCP S ]Udc = GoUy,; (32)
i 0
gqref
where _
kiop + ’g’ 0 0 wly 10
Gipr=| ° , Goi = , Guee = 33
iPI [ 0 klgp‘l- k,g, oi —al; 0 uce 01 (33)




Energies 2019, 12, 2500 11 of 23

AC

-+ uedqrej

Figure 11. The small-signal transfer diagram of the GSC control excepting PLL.

The angular relationship between the GSC circuit module and the GSC control module with PLL
is displayed in Figure 12. From Figures 9 and 12, a transfer diagram of the GSC control system with
PLL can be drawn in Figure 13 by using the small-signal transfer models of the GSC control system
described by Equations (34)—(36).

0 1 0 Wy B
A? = 0 1 _ Egdei ,\;%1 — E22 A§1 ; (34)
Ueq (+GpiEga) |l g Ueq
N ~ Dqui . N - -
m c 0 ——Lt— fm c nm
(s+GpiEgq) u U
FAREIE T b AR P S T
q q Gk L e ] q [ Ygq |
z“c ml o o qram ] [ [ a7 ]
[ & }:{ i ]* Gy || S = | A+ Eaf & (36)
Leq Leq (+GpiEga) |l Ugq | Lgq | Heq |

where Gy, is the transfer function of the PI controller in PLL, Gy = kyu + Kipii /5.

A

l—» PLL( @) —

Control
Module

Circuit
Module

z A, i
PLL(é) gdg  “gdq

Figure 12. The angular transfer relationship between the circuit module and the control module in GSC.

Ae m
ddq ddq

Figure 13. The small-signal transfer diagram of PLL in GSC control, which shows the transfer
relationship of variables from the circuit module to the control module.
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4. Analysis of Harmonic Stability and Real-Time Digital Simulation (RTDS) Verification
4.1. Impedance Modeling of Equivalent Systems

4.1.1. Input Impedance Modeling of RSC and GSC connected in DFIG

With the small-signal transfer models of circuit modules and control modules derived in Sections 2
and 3, the whole equivalent architecture of the RSC and GSC in DFIGs can be obtained (the structure
diagram is provided in Appendix A). Also, the schematic diagram of the whole closed-loop system can
be easily obtained in Figure 14 considering the DC and grid-side AC variables relationship between
RSC and GSC.

RSC
Small-Signal Model
(closed-loop)

GSC : d:Zq lrdq
Small-Signal ModelK |
(closed-loop) | DC
I
I

T L

Transformer < > Transformer
1 2

Figure 14. The schematic diagram of RSC and GSC in DFIG. The RSC and GSC small-signal models are
interconnected with their dc variables in a dc link, and these two kinds of converters are all connected
with the power grid through transformers. The system is thus a closed-loop system.

In Figure 14, the variables in the DC link are described in Equation (37) by using the RSC
small-signal model in Section 2. Substituting variables in Figures 10, 11 and 13 with Equation (37),
the GSC small-signal models can be written as given in Equation (38).

Ay = |(GEGD + GF)(GEGD + Gr — C22) ™ (B2 = GEGe) + GEGc]fZ;lq
+(GeGp + Gr)(GEGp + Gp — sz)_lAzzﬁZ;lq ; 7
;:Zq = (GeGp + Gr - sz)_l[(Bzz - GEGC)f;”dq +A22ﬁ;ﬂdq]
i, = Gl + Gudy, + Gp(GEGp + Gr — sz)_l[(Bzz - GEGO)in, + Azzﬁ;"dq]
e [(GEGD + GF)(GEGD + Gr - C22) ™' (B22 - GEG) + GEGC]iZ;q
L - A
+(GeGp + Gr)(GEGD + G — C22) 1A22u151‘11q
e = Glﬁ?dq + GHU% +Go(GeGp + G~ C22)_1[(Bzz - GEGC)?SZq +A22ﬁ;ndq] ;  (38)
+ [(GEGD + GF)(GEGD + G — sz)_l (BZZ — GEGC) + GEGC]i?dq ;
K - A
+(GeGp + Gr)(GEGp + Gg — C22) 1A22u:liq

Hm

5 G2GiF22K) + G Guee E22 Ko
. . q. o1 q.
qu(GszKzz + Gszz)l;”dq + [ edg

6% = Gpwm +Gp2GiprF22K22 + H2K)

—Gg2Gip1 G111},

where Gpwy is the time-delay function, and G4 and G, are the normalized functions to normalize
the control signal. The detailed transfer matrixes in Equations (37) and (38) are also provided in
Appendix A.
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Furthermore, assuming that the transformer ratio ki, = 1 in this studied system, the equivalent
input impedance of RSC and GSC can be obtained in Equation (39). Also, the detailed transfer matrixes
are provided in Appendix B.

ﬁm
d.
Zgdg = 25;:
[ Gm(D22G21Gy + 1) (022P2 + RaaP2; + GpwmGEGe — D22Kaz — GpwmGyGoiKaz) ]
+1—52P2 — GLU» Py — GEGc
[ Gum(D2G21Gy + 1) (022 — D22 Gy Gj— 02242, — RyA2) ]
+GN + 522422 + G U2 A2

(39)

4.1.2. Impedance Modeling of the Grid-Connected System

Figure 15 depicts the equivalent DFIG-based system circuit. The power grid cable uses the
II-section model, and then the impedance of grid in dg frame can be written as:

Ry +sL, —wily
Zyy; = 40
udg [ w1Ly Ry +sLy ]I 40)
where R, is the equivalent grid resistance and L, is the equivalent grid inductance.
pT— ;
11 - -1 - -
: L : > u, > Z adq » 1,
: Z. | _
I
I
I @Uu : VA edg 7
| | udq €
! |
! I
L ]
(a) (b)

Figure 15. The equivalent circuit of the DFIG-based system. (a) The system’s equivalent circuit based
on the grid output impedance and converter input impedance; (b) is the transfer diagram of the circuit
described in (a), and the feedback loop can be used to evaluate the system’s stability by applying the
Nyquist stability criterion.

Hence, the grid-connected impedance can be obtained using Equations (39) and (40) from Figure 15,
and the system closed-loop feedback gain can also be written as:

-7 -1 _[ Zudd Zudq ][ Ygdd Ygdq j| (41)

Ly d =
sy Zuga  Zugq Yeqd  Ygag

q

Based on this feedback loop gain, the stability of the system’s equivalent circuit can be assessed
through Nyquist diagrams.

4.2. Impedance-Based Stability Analysis

The system’s electrical parameters are listed in Table 1, which give the condition of the system
stable operating point. Table 2 gives the parameters of the control systems for both RSC and GSC, which
are also in the stable case. RSC and GSC are also designed with the same parameters considering the
simplicity. Both RSC and GSC are working at the stable operating point with the controller parameters
listed in Table 2. This provides a theoretical precondition for using the feedback loop in Figure 15
to evaluate the stability of the studied system. Since the impedance model of the studied system is
designed as single input single output (SISO) model, the Nyquist stability criterion can be directly
applied to analyze the system’s stability [23].
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Table 1. The electrical parameters of the DFIG-based system.

Electrical Parameter Value Electrical Parameter Value
fi Fundamental frequency 50 Hz L RS mutual inductance  0.108 H

Ry Grid resistance 030 R, RSC resistance 0.15 0
Ly Grid inductance 0.03H L, RSC inductance 1.2mH

Rsm Stator resistance 0.262 Q) R; GSC resistance 0.15Q
Lsim Stator self-inductance 0.122 H L GSC inductance 1.2mH
Rym Rotor resistance 020 Cy DC shunt capacitance ~ 2.2 mF
Lim Rotor self-inductance 0.119H Udref DC rated voltage 500 V

Table 2. The controller parameters of RSC and GSC.

Controller Parameters Value Controller Parameters Value
RSC stator current kisp 0.3 GSC outer voltage kugp 0.1
controller kist 5 controller kgt 10
RSC outer speed controll karp 0.5 Kipp 3
peed controller
wrl 10 PLL controller Kripi 1400
RSC inner current kip 13.87 Kppit 3
controller ki 68 kipn 1400
GSC inner current kjgp 5 Moment of inertia ] 0.1425 kgm2
controller kg1 100

To analyze the stability of the studied system, the Nyquist criterion can be applied to the
equivalent system [24]. Stability trends can be observed from the Nyquist diagrams by altering the
circuit electrical parameters or controller parameters [25]. Furthermore, according to the Nyquist
diagram, the parametric contributions to the system’s harmonic stability can be predicted, and then
the critical condition of the stable system can be given.

4.2.1. Circuit parameters stability assessment

Figure 16 depicts Nyquist plots of the feedback loop gain of the equivalent circuit. In this case,
it is obvious that when the GSC inductance increases (L; increases from 3.7 to 3.8 mH), the system soon
turns unstable. Furthermore, the other circuit electrical parameters are also adjusted to obtain the
respective contributions to the system stability, and these parametric stability assessments are listed
in Table 3. The delta (A) in Table 3 is a mark used to represent that the adjusted parameter has little
impact on the stability of the studied system.

Imaginary Axis

Imaginary Axis

-2 -1 0
Real Axis

@)
Figure 16.

x107°

6t
e A
-1.008 -1.004 -1 -0.996 -0.992
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Figure 16. The Nyquist plots of the feedback loop gain: (a) Nyquist plots in the stable case (L; = 3.7 mH),
the graphs on the right are the magnified parts in (-1, j0). The curve does not encircle the point (-1, j0),
which predicts the system is still stable; (b) Nyquist plots in the unstable case (L; = 3.8 mH), the graphs
on the right are the magnified parts in (-1, j0). The curves finally enclose the point (-1, j0) and the
system becomes unstable.

Table 3. Circuit parameter influences and assessments on the system’s stability .

Parameters Adjusted Stability Parameters Adjusted Stability
(Stable Case) Value Assessment (Stable Case) Value Assessment
wazmy YRR m 2T
R, (0.15 Q) 062-,28 AAB Rom (02 Q) 00'%2 g i
oo OESIL e DE
raoaen NP0 WG Gapun  OnT s

! Comparisons and assessments of stability are based on the stable case whose system parameters are given in
Tables 1 and 2. 2 Down-arrows mean that the system stability is degraded. 3 The mark A represents that the adjusted
parameters have little effects on the stability of the studied system.

In fact, adjusting the inductance of RSC and GSC and the dc capacitance in the dc link will greatly
affect the system’s harmonic stability. The cases where harmonic stability will improve when the
inductances of RSC and GSC decrease are omitted in Table 3. So, by choosing the optimal parameters
of RSC and GSC, the wind farm manufacturer can improve stability of the system and better avoid the
occurrence of harmonic instability.

4.2.2. Controller parameters stability assessment

Figure 17 depicts Nyquist diagrams of the feedback loop gain. In this case, the P parameters of
the inner current controller in GSC are reduced (k;;p decreases from 1 to 0.9). It is clear that the curve
encloses (-1, j0) which means the feedback loop gain becomes unstable and there might be harmonic
instability in the power grid. Similar conclusions can be found in Table 4 where assessments of other
controller parameters are listed.
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Figure 17. The Nyquist plots of the feedback loop gain: (a) Nyquist plots in the stable case (kjop = 1),
the graphs on the right are the magnified parts in (-1, j0). The point (-1, jO) is not enclosed by the
curve, and the system is still stable; (b) Nyquist plots in the unstable case (k;op = 0.9), the graphs on the
right are the magnified parts in (-1, j0). The curves enclose (-1, j0) and the system becomes unstable.

Table 4. Controller parameter ! influences and assessments on the system’s stability.

Parameters Adjusted Stability Parameters Adjusted Stability
(Stable Case) Value Assessment (Stable Case) Value Assessment
1 Stability |2 107 Stability |
kiop (5 y )
igp ©) 0.9 Unstable Kirt (68) 108 Unstable
145 Stability | 1.7 Stability |
kior (100 Y
igt (100) 146 Unstable korp (05) 1.8 Unstable
0.9 Stability | 3.2 Stability |
kuep (0.1 Y y
ugp (0-1) 1 Unstable Kot (10) 3.1 Unstable
36 Stability | 1.1 Stability |
kuor (10 y ) )
ugt (10) 37 Unstable isp (0.3) 1.2 Unstable
' 7.3 Stability | 4 1.6 Stability |
kirp (13.8) 72 Unstable ist (5) 1.5 Unstable

! The controller parameters can be divided into the RSC controller (outer speed PI and inner current PI) and the
GSC controller (outer voltage PI and inner current PI). 2 Down-arrows mean that the system stability is degraded.
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4.2.3. Mechanical parameters stability assessment

Figure 18 shows Nyquist plots of the feedback loop gain after the moment of inertia was reduced.
The diagram indicates that when the mechanical parameters of the wind turbine such as the moment
of inertia are changing, the system may become unstable because the inertia relates the wind speed to
fluctuation control. Actually, when the inertia increases, the control of the wind speed fluctuation will
get worse so the system will easily lean to instability. Under this situation, bad speed control may lead
to harmonic frequency oscillation in the power grid.
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Figure 18. Nyquist plots of the feedback loop gain: (a) Nyquist plots in the stable case (J = 0.293 kg-m?),
the graphs on the right are the magnified parts in (-1, j0). The point (-1, jO) is not enclosed by
the curve, and the system is thus stable; (b) Nyquist plots in the unstable case (J = 0.294 kg-m?),
the graphs on the right are the magnified parts in (-1, jO), which is enclosed by the curve, and the
system becomes unstable.

4.3. RTDS Simulation Verification

RTDS is a kind of commercial simulator that is widely used around the world. Compared with
other simulation platforms, RTDS has many advantages such as its faster computing speed and real-time
interconnection with practical devices [26-29]. In order to validate a frequency-domain stability analysis
of the equivalent model based on the impedance method, a time-domain DFIG-based system is built
by the real-time simulator CAD (RSCAD), which is connected to RTDS. The simulated RSC and GSC
parameters and grid electrical constants are given in Tables 1 and 2. Then, parameters are adjusted to
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evaluate harmonic stability. Moreover, conclusions in Tables 3 and 4 are validated. In this paper, only the
case where GSC inductance is changed will be discussed (considering the paper length).

Figure 19 shows the simulated three-phase grid currents in GSC with the parameters given in
Tables 1 and 2. In this case, GSC inductance is adjusted (L; = 3.7 mH). The system is still in a stable
status; however, there are many harmonic components in the grid currents. The system’s stability
is not that good, and this result coincides with conclusions in Table 3. In contrast, Figure 20 shows
the simulated grid currents after GSC inductance increased (L; = 3.8 mH). It is obvious that there
is harmonic instability in the studied system and the system becomes unstable, which confirms the
conclusions in Table 3 and the frequency-domain analysis in Figure 16.

800 ' ' ' ' ' ' ' B gird currentA
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Figure 19. The simulated three-phase grid output currents of GSC in the stable case (L; = 3.7 mH).
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Figure 20. The simulated three-phase grid output currents of GSC in the unstable case (L; = 3.8 mH):
(a) Full view of three phase simulated currents; (b) magnified view of the simulated current of phase b.
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Then, the fast Fourier transform (FFT) analysis of the simulated grid-side output currents in the
unstable case is accomplished using the output data of RTDS. Figure 21 shows the detailed harmonic
components in the simulated grid currents. It is clear that the main amplified harmonic components
are 250.1 (5th harmonic), 349.7 (7th harmonic), 1901 (38th harmonic), 2099.1 (42nd harmonic), 3951.6
(79th harmonic), and 4050.4 Hz (81st harmonic).
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g ¥ ¥ ¥ 40504
£ 25011 100 }(349-7 40 40 ¥ |
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Figure 21. The FFT analysis of the simulated grid currents in the unstable.

In fact, 5th and 7th harmonic components mainly exist in RSC and 38th, 42nd, 79th and 81st
harmonic components exist both in RSC and GSC [30]. And when the system parameters are not
matched well, the existing harmonics both in RSC and GSC will be continuously amplified and interact
with each other through the DC link, thereby generating harmonic instability and jeopardizing the
power quality and stability of the entire system. Table 5 lists the values of parameters for the critical
stability case. The results shown in Table 5 confirm the theoretical analysis in the frequency domain
and, thus, verify the impedance model derived in this paper.

Table 5. The values of parameters for the critical stability case.

Parameter Simulated Value Deviation Parameter Simulated Value Deviation
L 3.8 mH 0 Kugl 38.5 3.9%
L, 3.8 mH 0 kirp 7.2 0
Lom 0.315 mH 0.3% Kirt 108 0
Rem 0.104 O 0 Keorp 1.9 5.3%
Cy 4.5 mF 2.2% kot 3.3 6.1%
kigp 0.9 0 kisp 12 0
kigr 146 0 kist 1.5 0
kugp 1.06 5.7% ] 0.292 kg-m? 0.7%

5. Conclusions

This paper is presented and discussed based on impedance modeling and the steps of the harmonic
stability analysis of DFIG systems. Both the small-signal models of RSC and GSC are obtained as
transfer functions, which include circuits modules and controller modules with PLL perturbations.
The equivalent input impedances of RSC and GSC are obtained, and then Nyquist diagrams are applied
to analyze stability based on the impedance model. The assessment of contributions to the system
stability of each parameter is also accomplished. Finally, the studied system is built in RSCAD with
RTDS. The simulated results confirm the frequency-domain analysis, and, thus, the correctness of
the small-signal models of RSC and GSC are verified. The RTDS simulation shows that 5th and 7th
harmonics in RSC and 38th, 42nd, 79th, and 81st harmonics in both side converters are continuously
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amplified to cause the harmonic instability. And last, the critical conditions for harmonic instability are
given in this paper.

Based on the analysis results and simulations in this paper, it can be concluded that the causes of
the system’s harmonic instability include:

e  The mismatch of the stator circuit parameters in the DFIG motor will gradually amplify the
existing harmonics, which will cause the system to be unstable.

e  The mismatch between the inductance parameters and the capacitance parameters of the dual
PWM converter and its controller parameters will also amplify the harmonics and destabilize
the system.

e  The moment of inertia of the system itself will directly affect the magnitude of fluctuations in the
wind speed, and thus will also affect the stability of the system’s harmonics.

Author Contributions: The individual contribution of each author are as follows: Conceptualization, X.C. and
Z.L.; Formal analysis, X.C.; Methodology, X.C. and Z.L.; Validation, X.C.; Writing—original draft, X.C. and Z.L.
Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The architecture of RSC and GSC based on the small-signal transfer functions can be obtained by
combining Figures 5, 6 and 8 in Section 2 and Figures 10, 11 and 13 in Section 3. The diagram of RSC
and GSC are respectively shown in Figures A1 and A2.

~Am

sdq

A

dAC

rdq

Figure A1. The small-signal transfer diagram of RSC with PLL.
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Figure A2. The small-signal transfer diagram of GSC with PLL.

The detailed transfer matrixes in Equations (37) and (38) are given as follows:

GisGprLuKus + GiGprriKys ) ]
A»y =G G + G K,s|; Al
2 PWM[ q( +Girp1GisGprLLaKus — GirprGprL1Kus PLL3Tus (A1)
Bz, = GpwmG4Girp1GisKis; (A2)
Cn = GPWM[Gq(GIGPLLiKir + Girp1Gwrp1GrK22 = Girp1GpLLiKir) + GPLLzKir]; (A3)

Appendix B

The detailed transfer matrixes of the equivalent input impedance of converters in Equation (39)
are given as follows:

Dy = GpwmGy2Gipr (A4)

Py = By — GEGc (A5)

022 = Gpwm(G2GoiF22K22 + G2 GuceE22K22 + Gg2GiprF22K22 + Hp2K2) (A6)
Q2 = GpwmGyGip1G21Go(GEGp + Gr — Cp2) ™" (A7)

S22 = Gp(GEGp + G — Ca) (A8)

R22 = GpwmGyGipiG21Gi(GeGp + Gr) (GeGp + Gp — Ca2) ™ (A9)
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