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DFIG Active Damping Control Strategy Based on
Remodeling of Multiple Energy Branches

Jing Ma

Abstract—Concerning subsynchronous oscillation caused by the
integration of doubly-fed induction generator (DFIG) to power grid
via series compensation line, an active damping control strategy
based on remodeling of multiple energy branches in DFIG is pro-
posed. First, according to the flow path of oscillation components,
energy branches in DFIG are divided. Second, potential energy
and dissipation energy are defined characterizing accumulation
and consumption of energy during oscillation. Then, by analyz-
ing the contribution of energy branches to potential energy and
dissipation energy, key energy branches affecting the stability of
system are screened. On this basis, the relations among stator
voltage, potential energy, and dissipation energy are established,
and frequency-dependent energy compensation functions in key
branches are derived. By assessing their impact on low voltage ride
through (LVRT) performance of DFIG, the compensation branch
compatible with DFIG fundamental frequency characteristics are
screened. Then, take sub/supersynchronous frequency stability co-
efficient ratio as the objective function, and the requirement on sta-
bility in sub/supersynchronous frequency band as the constraints.
The compensation branch parameter optimization scheme is es-
tablished. Finally, a test system is built in RT-LAB for verification.
Simulation results demonstrate that, the proposed strategy can
realize active damping control in multiple oscillation cases, and
guarantee the stability of system in full frequency band. Besides,
the strategy does not affect LVRT performance of DFIG and is well
compatible with DFIG fundamental frequency characteristics.

Index Terms—Active damping control, dissipation energy,
energy branches, potential energy, sub/supersynchronous
oscillation.

1. INTRODUCTION

N RECENT years, as the penetration rate of wind generation
I ever increases, subsynchronous oscillation occurs ever more
frequently when doubly-fed wind farm is transmitted via the
series compensation system. Consequently, trip-off of wind
farms from grid frequently occurs, greatly endangering the safe
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and stable operation of power grid [1]-[4]. Therefore, how to
effectively suppress subsynchronous oscillation in doubly-fed
induction generator (DFIG) integrated power system and im-
prove the stable operation ability of DFIG has become an urgent
issue.

Currently, measures taken to suppress subsynchronous os-
cillation in DFIG-integrated power system can be categorized
into two types, i.e., passive suppression measures and active
suppression measures. Passive suppression measures mainly aim
to improve the integration of wind turbine to grid, including
adding reactive power compensation controller [5], [6] and
switch ON/OFF control of series compensation line [7]. However,
such suppression measures cannot solve subsynchronous oscil-
lation problems from the source. Meanwhile, as the transmission
capacity of wind turbine increases, the capacity of external
control devices needed also increases, and the switching of series
compensation line will be more frequent, which will increase the
suppression cost and worsen the power quality. Existing active
suppression measures mainly aim to improve the dynamic char-
acteristic of wind turbine in sub/supersynchronous frequency
band, including oscillation filtering, parameter optimization,
and control system reconfiguration. Oscillation filtering method
adds band-pass filter to the control link to filter oscillation
components in control link and eliminate the coupling effect
between generator and grid in subsynchronous frequency band
[8]. However, parameters of such filter are set for certain fixed
resonance frequency, thus, oscillation filtering method is only
applicable to single oscillation case, and when the operation
mode of power grid varies, such control strategy cannot adapt to
the variation of oscillation frequency. Parameter optimization
method quantifies the relationship between control parame-
ters of wind turbine and system damping level and constructs
control parameter optimization model to improve the stability
of subsynchronous oscillation [9], [10]. However, due to the
requirement on stable operation of wind turbine, the adjustable
range of converter control parameters is limited. Control system
reconfiguration method is a widely used control strategy, most
of which increases the equivalent damping of DFIG RSC by
adding control branch or link to converters [11]-[13]. However,
the contribution of GSC to DFIG subsynchronous oscillation
is neglected and most of the method also concern oscillation
suppression at certain fixed resonance frequency, which are
not applicable to multiple oscillation cases. Besides, there is
no theoretical analysis of the impact of additional control link
on fundamental frequency characteristics of wind turbine such
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as LVRT, etc. Based on the abovementioned analysis, existing
control strategies are limited to active suppression at certain fixed
oscillation frequency. When the oscillation frequency varies in
different oscillation cases, existing methods cannot meet the
damping demand. Meanwhile, most of existing control strategies
aim to improve the stability of wind turbine in subsynchronous
frequency band, and few has taken supersynchronous frequency
band and fundamental frequency band into consideration.

In view of the abovementioned problems, a DFIG active
damping control strategy based on remodeling of multiple
energy branches in RSC and GSC is proposed. The strategy
conducts coordinated energy compensation in RSC and GSC
energy channels based on the flow path of stator voltage pertur-
bation in DFIG converter. It can realize active damping control
with adaptability to different oscillation cases, compatibility
with supersynchronous frequency band and DFIG fundamental
frequency characteristics.

The rest of this article is organized as follows. In Section I,
energy branches in RSC and GSC of DFIG are categorized. In
Section II, the key energy branches that affect system potential
energy and dissipation energy are screened. In Section III,
energy compensation branches are designed in key energy
branches of GSC and RSC, considering their compatibility with
DFIG fundamental frequency characteristics and system stabil-
ity in supersynchronous frequency band. In Section IV, RT-Lab
hardware-in-the-loop simulation platform is built to verify the
effectiveness of the proposed control strategy followed by the
simulation results in Section V. Finally, Section VI concludes
the article.

II. MODEL OF DFIG-INTEGRATED POWER SYSTEM
A. DFIG Energy Model

According to [14], DFIG dynamic energy can be expressed
with electrical variables at the terminal of DFIG as

AWpric = — / (AigdAu, — AijdAug) — / AP,dAf
(M

where AWpric is DFIG dynamic energy. ig, i, ttg, and u, are,
respectively, the d- and g-axis components of DFIG terminal
current and voltage. P. is DFIG terminal active power. 6 is
the angular difference between dg coordinate system and xy
coordinate system. A represents the variation from steady-state
value.

In (1), the current, voltage, and power at the terminal of DFIG
can be expressed with the sum of stator-side component and grid-
side component, thus, DFIG dynamic energy can be rewritten as

AWDFIG = 7/(AisddAuq 7Aisquud) 7/AP€dA0

- / (AiygdAu, — Niy dAuy) — / AP,dAf

= AW, + AW, 2

where s and g, respectively, represent the stator-side and
grid-side electrical variables.

It can be seen from (2) that, DFIG dynamic energy is com-
posed of two energy parts, which are defined in this article
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Fig. 1.  Structure of DFIG and energy branches in DFIG.

as excitation energy AW, and grid-side energy AW,, which
correspond to two energy channels in DFIG, as shown in Fig. 1.
By further analyzing the detailed expressions of dynamic energy
in the excitation channel and grid-side channel, the detailed
DFIG dynamic energy model can be constructed.

1) Excitation Channel Energy

In DFIG excitation channel dynamic energy AW., the varia-
tion of DFIG terminal voltage is composed of two parts, i.e., the
variation of voltage generated by the oscillation component in
induction generator and the variation of rotor voltage generated
by the oscillation component through rotor converter. Therefore,
excitation channel dynamic energy AW, can be expressed as the
sum of induction generator energy and rotor converter energy,
as shown in

AW, = AWig + AW, .
= — / (AiggdAuy ;0 —Aig dAu, ;) — / AP, ;,dAG

- / (i ggdAu,, — Aiy dAu, ) — / AP, dA§
(3)

where AW;, is induction generator energy, and AW, . is rotor
converter energy. Ai,q and Ai,, are, respectively, the d-axis and
g-axis components of rotor current. Au,q and Au,, are the
variation of d- and g-axis components of the voltage generated
by rotor converter, respectively. Aug_;q and Au, ;4 are the vari-
ation of d-axis and g-axis components of the voltage generated
by induction generator flux.

It can be seen from (3), the variation of excitation channel
energy contains two parts, i.e., energy generated by the control
effect of rotor converter, and energy generated by the flux of
induction generator.

Expressions of two energy parts are analyzed as follows.

1) Energy Generated by the Induction Generator: DFIG ap-
plies stator flux directional control. Suppose stator flux is con-
stant and stator resistance is neglected, according to generator
flux equation, d-axis and g-axis components of the variation of
rotor voltage and current can be obtained, shown in

Audj-g = R, Aipqg — a2 (ws — OJT) Airq + agAird
Aug g = RpDipg + ag (ws — wy) Adpg + agAiTq

AZ.'r'd = _Aisd/al
Airq = 7Aisq/al
where w; is the synchronous speed, w, is rotor speed, and a;
= — L, /Ly and a5 = L, — L,,*/Ls, where L, L,, and L,,, are
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the equivalent stator inductance, rotor inductance, and mutual
inductance in dgq coordinate system. R, is rotor resistance. These
parameters can be obtained by the parameter identification of the
DFIG generator [15].

Apply (4) to the AW;4 in (3), so that the dynamic energy gen-
erated by induction generator during oscillation can be obtained

Wig = - (UJT - UJd) RT/AZZdt — (_WTLT/al + erm)

X /(UJT — wd) AdeAZ‘rth (5)

where wy = wg — w,, is the oscillation frequency of system in
dg coordinate system.

2) Energy Generated by the Control Link of Rotor Converter:
According to the control structure of rotor converter, its output
voltage can be expressed as

Auypg = KlepgAPS + K“Kpg IAPSdt — KpgA’de

+pr1Ki3APSdt + K1 K3 ff AP dtdt — K;3 fAdedt

Aurq = Kpng3AQs + Ko K3 fAQsdt - KpgAi7-q

+ [ KpoKisAQudt + KinK;s [[ AQsdtdt — Kis [ Aiygdt

(6)

where K,1 and K;; are PI parameters of active power outer loop.
K> and K5 are PI parameters of reactive power outer loop.
Kp3 and K3 are PI parameters of current inner loop. The PI
parameters of the converter control system can be obtained by
parameter identification methods in [16] and [17]. Considering
the parameter identification is not the focus of this article, and
thus it will not be explored in this article.

The variation of active power AP, and reactive power AQ
in (6) can be expressed as

APS = AusdAisd + Auquisq + UstAisd + IstAusd
AQS = Auquisd + AusdAisq - U@dOAisq + IstAusq
(N
where Uj 40 and I 40 are the initial values of stator d-axis voltage
and current, respectively. They can be obtained by measuring the
d-axis and g-axis components of rotor/stator voltage and current
when DFIG is in steady-state operation.

The angular difference between dg and xy coordinate system
A0 is mainly affected by PLL control parameters. According
to three-phase synchronous phase-locked control structure, the
expression of A# can be obtained

Af = — / ko Attt — / / kipAuggdidt — (8)

where Au,q and Aug, are, respectively, the d- and g-axis com-
ponents of the variation of stator voltage. They are caused by the
perturbation components of voltage and current generated by the
integration of series compensation line, where C compensation
is considered to be applied. Their expressions can be written as

Augg = RAisq + waLAisq — ws LA,
—(wg — ws)flC’lAisq

Augg = RAIzq — deAisq + ws LAz
Hwg — ws) TC Ay

9
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where R is the equivalent resistance of transmission line. L is
the reactance of power grid, which equals to the sum of trans-
former equivalent reactance and transmission line equivalent
reactance. C is the series compensation capacitance. Its value
is only determined by power grid dispatch center according to
the demand on wind power transmission distance. When C is
adjusted by power grid dispatch center, the series compensation
degree K = (w?LC)~! varies and the oscillation scene excited
by the coupling between DFIG and series compensation line also
changes accordingly [10], [18]. As a result, in this article, R, L,
and C are all inherent parameters of transmission line, reflecting
system oscillation scene, respectively. The parameters will not
be changed by the proposed control.

It should be noted that, (9) is not limited in C compensation.
When LC compensation is applied, Au,q and Aug, can still be
expressed as (9), but the definition of L must include the series
compensation reactance in this case.

Apply (6)—(8) to the expression of AW, . in (3), so that the
energy generated by rotor converter can be obtained

AW, . = AW, ; + AW, o + AW,y + AWprr, + AW,

AW, ; = [ Nipgd [~ Kpa KpsUsao Aisg — (Ki2Kps
+ KpoK;3) [ UsgoQisgdt — Ko K3 [ UstAisthdt]
— [ Nipgd [Kp1 KpsUsaoDisa + (Kin Kps + Kpi Kis)

X [ UsaoQisadt + Ki1 K3 [[ UsaoAisaqdtdt]

AW,-_U = f Airdd [KpnggfsdoAusq + (KZQKIB
+ Kp2oKis) [ LsaoAusqdt + Kio Kz [ [ IsaoAusqdtdt]
— [ Aiygd [Kp1 KpsLsaoAusg + (K1 Kps + Kp1 Ki3)

X [ TsaoAusqdt + K Kiz [[ TsaoAusqdtdt]

AWy = — [ Nipad [~ Kpo Kps (AusqAigg + AuggAigg)
— (KinKp3 + KpoKiz) [ (AuggAigg + AuggNigg) dt]
+ [ Aipad [KinKis [[ (AuggAigg + AuggNigg) dtdt]
— f Airqd [Klep;g (A’U,SdAiSd + A’U,SinSq) + (K“Kpg
+ Kp Ki3) [ (AuggDigq + AuggNigg) di]

— [ Dipgd [Kin Kiz [[ (AusaDigg + AuggAigy) didt]

AWPLL = f UstAusd (KpgAusq - fKigAuSth) dt
— [ LiaoAusq (KppAusg — [ KigAuggdt) dt

AW, = 0.5a; 2wo L, Ai2.

(10)

According to (10), the energy generated by rotor converter
contains five components. AW,.; is the dynamic energy com-
ponent generated by stator current through rotor-side power
outer loop and current inner loop, denoted as the excitation
current energy branch. AW, , is the dynamic energy com-
ponent generated by stator voltage through rotor-side power
outer loop and current inner loop, denoted as the excitation
voltage energy branch. AW,,, is the periodic energy component
generated by the coupling between stator voltage and current,
denoted as coupling energy. Since the periodic energy does not
affect the variation trend of system overall energy, according to
Lyapunov’s stability theorem, it does not affect the stability of
system. Thus, this energy component is not analyzed in detail.
AWppy, is the dynamic energy generated by PLL. AWy, is the
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dynamic energy component generated by rotor reactance. AWy,
and AW, jointly form the induction generator energy branch.

Furthermore, apply (9) to (10), and express all the stator
voltage components in AW,. ; with stator current components,
so that the detailed expressions of AW,. ;, AW, ,,, AWpr,, and
AW, in the excitation channel can be obtained

11
AWTJ:_—Kpg/wdAigdt-‘rafwf/KiQKzBUSdOAi?ddt

_’_77

KlezsUstAl dt—/ Kpng3Usd0Alsddt
a1 Wy

- / 7Kp1Kp3Usd0Ai§th
a

1 1 1
A ru — 7K1 K Is — Ws L— =
W,_ o, i flps dO/ {(Wd ws) P C]

. 1 ]
X Alfth + E/KlepﬂstwdRAlqut

1

1 . 1
Kile‘?,IsdoR*Alfth + — K Kislsao
a1 wq a1

1 1 1
—wy) L — ~ | A2 dt K VK3 Tsa0~
x/[(wd ws) P— C’} 15 + p3lsdog

1
wg — ws C

X {(wd —ws) L — } AVS 2 + KzQKpBISdO

1 1 1
—ws) L — — A% dt — —
x/kw o) %_%C}ud -

1 1
x / Ko Kp3Isgowa RAZ dt — — / KioKizI,q0R— Ai?,dt
ay Wy

1 1 1
— K9 K;31s —wg) L — — | A2 dt
+ o p24L43 do/ |:(Wd OJ) W — C’] lsd
1 1 17, .
+ - K 2Kpslao {(wd —ws) L — R C} Ai2,

AWprr, = /[st {Kp9R2 — Ky {(W(i —ws) L

1 1 . . Isa0
— | s Ai. Ai_,dt
w—%J}Z”%d+/wd

1 1
Z A2
WO — Wa C:| st}dt+/ sd0
R N

wg — ws C

{KigRQAzfq

+ Kig [(wd — ws) L —
{Kw
X
wq
~ / Usao {erRAizq n

11
O] Aigd} dt

Wq — Ws
AW, = 0.5a7 2wo L. Ai%.

o [(a =) L -

Kio [(wd —ws) L
d

an

According to (11), the expressions of dynamic energy in
excitation channel can be unified as energy with d-axis and g-axis
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components of stator current as the state variables. The terms
in the aperiodic component of PLL dynamic energy AWppy,
are all related with 1/w 4. Since the value of w, is much larger
than the values of converter parameters K, and K;, i.e., the
values of the terms containing 1/v 4 are very small, the dynamic
energy generated by PLL is much smaller than the energy of
the other three branches. Thus, DFIG excitation channel energy
is mainly composed of three energy branches, i.e., excitation
current energy branch, excitation voltage energy branch, and
induction generator energy branch. It should be noted that,
though the expression of AW, ,, in (11) is related with stator
current component, this energy component is generated by the
flow of stator voltage in rotor converter, and it still corresponds
to the excitation voltage energy branch.

C. Grid-Side Channel Energy

According to the control structure of grid-side converter, its
output voltage Aug, and Aug, can be expressed as

Augd = — p4Kp5AudC - fK¢4Kp5AudCdt - Kp5Aigd
— fKi5Kp4AudCdt — ff Ki4Ki5AudCdtdt — fKi5Aigddt
A’U,gq = —Kp5Aigq — fKi5Aigddt

12)

where K4 and K4 are PI parameters of voltage outer loop. K5
and K5 are PI parameters of current inner loop. Auy. is dc
bus voltage. Aig, and Aigy, are, respectively, the d- and g-axis
components of grid-side converter output current.

According to power balance equations on two sides of dc bus
voltage, the expression of dc bus voltage Aug. in (12) can be
obtained

Cchchdec = AugdAigd + UngAigd + IngAugd

- (AurdAird + UrdOAird + IrdOAurd) .
(13)

Apply (12) and (13) to the AW, in (3), so that the detailed
expression of grid-side channel energy can obtained. Since
the value of wy is much larger than the values of converter
parameters K, ;, and K, 5, i.e., the values of the terms containing
1/wg are very small, the energy components that contain 1/4v,
are neglected in this article. Thus, the expression of grid-side
channel energy can be approximated to

AW(] = AWCJ + AVVCJ/, + Aqu + AVVLg + AWQ?ui
AI/VC' i KpSKp4/Cdc /( 7"dOI<pl]:<11>13Is¢100~)d(13AZ

- rdOKlep3Usd0a3wdAi§q)dt

KpsKpa

AW, = —
WC_ Cdc

IrdOKlepSIstalii

X {(wd —ws) L — ! 1] Aigd

wq — ws C
B Kps Kpu

s / (Iraoas K Kps + Isaoaz Kp K;3)
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TABLE I
DFIG ENERGY COMPONENTS AND CORRESPONDING ENERGY BRANCHES

Energy components Energy branches

AW, ; the excitation current energy branch

AW, the excitation current energy branch
AWLAAW,, induction generator energy branch

AW, the grid-side outer-loop current energy branch

AW, , the grid-side outer-loop voltage energy branch

AWy the grid-side inner-loop current energy branch

AW, the grid-side filtering reactance energy branch

. 1 1 K 5K,
A2 —wg) L — — | dt po ¢
x Aig, [(wd ws) EP— C’} + O
1 1
X | IraoKin Kp3lsqoas | (wg —ws) L — oy —w. O

. K 5K .
Azfth—k %/IgdoRagwdAzqut

AWy = / waKps Aidt
AWy = 0.5wy Ly Ai?

AWg_ui = —/Aiqu |:—Kp4Kp5 (AugdAigd - AurdAird)
- /Ki4Kp5 (AugdAigd — AurdAird) dt:|
- /Aiqu |:_/Ki5Kp4 (AugdAigd — AquAird) dt

- // Ki4Ki5 (AugdAigd - AurdAde) dtdt:| . (14)

It can be seen from (14) that grid-side channel energy contains
four energy branches, where AW, is the dynamic energy com-
ponent generated by the variation of dc bus voltage caused by the
oscillation component of rotor current through grid-side voltage
outer loop and d-axis current inner loop, denoted as the grid-side
outer-loop current energy branch. AW, -, is the dynamic energy
component generated by the variation of dc bus voltage caused
by the oscillation component of rotor voltage through grid-side
voltage outer loop and d-axis current inner loop, denoted as the
grid-side outer-loop voltage energy branch. AW, is the dynamic
energy component generated by the oscillation component of
grid-side current through current inner-loop control, denoted
as the grid-side inner-loop current energy branch. AWy, is
the dynamic energy component generated by grid-side filtering
reactance, denoted as the grid-side filtering reactance energy
branch. AW, is the periodic energy component generated by
the coupling between grid-side voltage and current. Since the
periodic energy does not affect the stability of system. Thus,
this energy component is not analyzed in detail.

Based on the abovementioned analysis, there are totally seven
energy branches in DFIG, and the characteristic of DFIG dy-
namic energy is determined by them. The energy components
and the corresponding energy branches are shown in Table I. The
impact of each energy branch on system oscillatory stability is
analyzed as follows.

4173

III. ANALYSIS OF ENERGY BRANCHES IN DFIG-INTEGRATED
POWER SYSTEM

A. Energy Stability Criterion

According to (8) and (11), DFIG dynamic energy can be
written as

1 . .
AWprig = 55 (w) Aig,, — /77 (w) A, dt

+ / Gun () ATLA dt (15)

where g(w) =&ru (w> + gig(w) +&cu (W) + ng(w), §r_u (w>7
&ig(w), & u(w), and & ¢ (w) are the potential energy coefficient
of the excitation current energy branch, induction generator
energy branch, the grid-side outer-loop voltage energy branch,
and the grid-side filtering reactance energy branch, respectively.
The expressions of these potential energy coefficients are shown
as follows:

&ru (W) = a7 Kp1 Kpslaso/2
X [(wd —ws) L — (wg — ws)_lO’l]
—|—a1’1Kp2Kp3Idso/2 (wg —ws) L — (wg — ws)flC’l}
ig (W) = 0.5a; 2w L,
§ou (W) = —0.5K 5 Kpalaro Kp1 Kpslasoas/Cac
X [(wd —ws) L — (wg — ws)flC’l]

€rg (w) = 0.5a3 2w, L.

nw) = Ni(W) + Nr_u(w) + Nig(W) + Ne_i(w) + Me_u(w) +
Ngi (w)> Nr i (UJ), Mr_u (w), Nig (w>7 Ne_i (UJ)> Ne_u (W)’ and Ngi (w)
are, respectively, the dissipation coefficient of the excitation
current energy branch, the excitation voltage energy branch,
the induction generator energy branch, the grid-side outer-loop
current energy branch, the grid-side outer-loop voltage energy
branch, and the grid-side inner-loop current energy branch. The
expressions of these dissipation energy coefficients are shown
as follows:

-1 -1, —1
Nr_i (W) = —ay Kpzwa +ay wy KinKizUgso
-1, -1 -1
+a1 wd K“KigUdSo—al Kpngg,Udso
-1
—al Klep3Ud50

M (W) :al_lK,-legldso[(wd —ws) L — (wg — ws)_lC’l}
ta; ' Kp1 KpslasowaR — ay'w; ' Kin Kislaso R

+a; K1 KisTaso {(Wd —ws) L — (wg — ws)flcfl}

+ay Kio Ky Laso|(wa — ws) L — (wa —ws) 'C 7

—ay ' Ky KpslasowaR — a7 ' Ko Kiglaso Rw) !

+a7 Ko Kz Taso[(wa — ws) L — (wa — ws)C7Y]

Nig (W) = — (wr —wq) R

ne i (w) = —KpsKpa/Cac(Iaro Kp1 Kpslgsowaas

+ 140K p1 Kp3Ugsoaswa)

Ne_u (W) =—Kp5Kpa/Cac(Laroas K1 Kps + Tisoas Kpi1 K;3)
X [(wd —wy) L — (wg — ws)*lcfl} + KysKi/
CaclaroKi1 Kp3lasoas [(Wd —wy) L — (wa —ws) 1O
+Kps Kpa/Caclago Raswq

Ngi (W) = waFps.
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Cmn(w) is the coefficient of the nonconservative energy term,
which varies periodically. Since the periodic energy does not
affect the variation trend of system overall energy, according to
Lyapunov’s stability theorem, it does not affect the stability of
system. However, in order to show the relationship between (15)
and the expression of each energy branch, the detailed expression
of (mn(w) is added as follows:

11 (w) = —a1_2 (—oJT.L,,./al + oJ,,ALm) (w,. — Wd)
+Hao{ Ko R? — Kpo(wa — ws) L — (wq — ws) "C7Y}
FUsao{ Kigw; 'R + Kppl(wa — ws)L — (wg — ws) 'C71}
61 (W) = —a7 ' Kpo Kp3{—Rwg

—4dwq(wa — ws) L — (wa — ws) T C7Y} = a7 (K2 Kops
+Kp2Kiz){2R — KWd—-WQ — (wa —ws) T C7}
*aflKiQKig(QWd) —az (K14Kp5 + Kis Kpa) R/C
—a7 K Kis(2wq) M (wg — ws) L — (wg —ws) " 'C7Y)

+a3 KiaKis/Cac(2wq) [(wa — ws) L — (wg — ws) 'C7Y
+ay 'tz (KiuKys + Kis Kps) KpaKps /Cae (—2Rwq)
+aitazt (KiuKys + KisKpa) KinKy3/

Cacl(wqg —ws) L — (wg — ws)flC’l]

+aytag! (KiaKps + KisKpa) Kpo K3/

Cacl(wqg —ws) L — (wg — ws)_lC‘l]

t+artazt (KinKys + KisKpa) /CacKinKiz(2ws) 'R
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It can be seen from (15) that during oscillation, the dynamic
energy of DFIG-integrated power system is composed of three
parts. The first part is potential energy term, which only has
to do with the initial values of state variables and represents
the energy accumulated during oscillation. {(w) is defined as
potential energy coefficient, which reflects the ability of system
to accumulate energy during oscillation. The second part is dis-
sipation term related with the integration path, which represents
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the energy consumed during perturbation. n(w) is defined as dis-
sipation energy coefficient, which reflects the ability of system to
dissipate the energy accumulated during oscillation. The third
part is nonconservative term related with the integration path,
which varies periodically and does not affect the damping level
of system. Therefore, DFIG dynamic energy is mainly composed
of potential energy and dissipation energy.

According to Lyapunov’s second stability theorem, for a free
dynamic system, if the variation rate of system overall energy
V(V > 0), i.e.,V(z) is constantly negative, system overall en-
ergy will keep decreasing until it reaches the minimum value,
when the system will be stable in an equilibrium state. Thus,
if the variation of DFIG dynamic energy AWppig(f) gradually
decreases, i.e., if AWprig(t) §+At < 0, system overall energy
will keep decreasing to the minimum value, when the system
reaches stable state. Select one oscillation period as the time
interval, the stability criterion of DFIG-integrated power system
is as follows:
t1+T

t1+T
< / n(w) Azj,dt  (16)

t1 t1

1
56 (LU) Axiqs

where T is one oscillation period.

It can be seen from (16) that when the dissipation energy of
system is larger than the potential energy of system accumu-
lated during oscillation, system overall energy will gradually
decrease, i.e., the system can completely dissipate the potential
energy generated during oscillation, thus, system oscillation will
gradually go stable. Otherwise, system overall energy will grad-
ually increase, and system oscillation will finally go unstable.
Therefore, the potential energy term and dissipation term are
key factors that determine the stability of system. According to
(15), both of the terms are, respectively, determined by potential
energy coefficient and dissipation energy coefficient, and both
vary as the oscillation frequency varies. Thus, the stability of
system also differs in different frequency bands.

According to (16), system stability coefficient can be defined
as

1 (w)

HO =y

It can be seen from (17) that the bigger dissipation energy
coefficient n(w) is and the smaller potential energy coefficient
&(w) is, the higher system stability coefficient p(w) is, the higher
system stability level is in this frequency band. Therefore, by
regulating potential energy coefficient and dissipation energy
coefficient, the stability of system sub/supersynchronous os-
cillation can be improved. On one hand, by increasing the
dissipation energy coefficient, the ability of system to dissipate
the accumulated potential energy can be improved, thus, the
converging of oscillation can be accelerated. On the other hand,
by decreasing the potential energy coefficient, the potential
energy that system needs to consume can be decreased, thus,
the oscillation amplitude can be lowered for faster converging
of oscillation.

Considering that dissipation energy coefficient and potential
energy coefficient are jointly determined by multiple energy
branches, the contribution degree of each energy branch to them

A7)
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Excitation Channel Energy Branches Energy Composition
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Fig. 2. Composition of excitation channel energy branches.

need be studied further, so that the key energy branches that
affect the stability of system can be discovered, and the location
for potential energy and dissipation energy compensation can
be determined.

B. Excitation Channel Energy Branches

According to (11), the composition of potential energy and
dissipation energy in excitation channel energy branches is
shown in Fig. 2.

In Fig. 2, the potential energy in DFIG excitation channel
is jointly generated by induction generator energy branch and
excitation voltage energy branch. However, since the value of
generator rotor reactance is much smaller than that of line
reactance, the potential energy in DFIG excitation channel is
mainly affected by excitation voltage energy branch, and its
energy coefficient is

1
Ayr (W) = 671 (Klep3 + KPQKPB) Isao

1 1
x| (wa —ws) L — —————

1
wg — ws C (18)

It can be seen from (18) that the potential energy coefficient in
excitation voltage energy branch is positive, i.e., during oscilla-
tion, the oscillation component of stator voltage will accumulate
potential energy through excitation voltage energy branch. In
this case, according to (17), system stability coefficient will drop,
which makes against the converging of oscillation.

The dissipation energy in DFIG excitation channel is jointly
generated by three energy branches. Since the value of generator
rotor resistance is much smaller than the dissipation energy
coefficients of excitation voltage and current energy branches,
the dissipation energy in DFIG excitation channel is mainly
affected by excitation voltage energy branch and excitation
current energy branch. The dissipation energy coefficients of
these two branches are

1 11
Aniy (W) = — —Kpswqg + ——K;2K;3Usq0
a1 a1 Wy
11 1 1
+ —— K1 Ki3Ugqo — — Kpa K paUsqo — — Kp1 Kp3Uqo
a1 Wy ay a1
1 1 1
Anur (W) = - (171 ile3Isd0 (wd - ws) L— ma

1 1 1
+ — K1 Kpalggowa R — — K1 KiglsqoR—
a1 a1 wd
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Grid-side Channel Energy Branches Energy Composition
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Fig. 3. Composition of grid-side channel energy branches.
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It can be seen from (19) that in excitation current energy
branch, the terms containing K; are all negative. However, since
the value of wy is much larger than the values of PI control
parameters, the terms containing w ' can all be neglected. Thus,
the dissipation energy coefficient of excitation current energy
branch is positive, i.e., it has positive contribution to system
stability coefficient.

Besides, there is a negative term in the dissipation energy
coefficient of excitation voltage energy branch. According to
(17), it has negative contribution to system stability.

C. Grid-Side Channel Energy Branches

According to (14), the composition of potential energy and
dissipation energy in grid-side channel energy branches is shown
in Fig. 3.

It can be seen from Fig. 3 that the potential energy in grid-
side energy channel is mainly generated by filtering reactance
energy branch and voltage outer loop energy branch, and the
corresponding potential energy coefficients are

K 5K
AEug (W) = - %IrdOKlepBIstafii
1 1
X |ame B0

1
Aérg (w) = zwgLy.

2 (20)

According to (20), the potential energy term of voltage outer
loop energy branch is negative, which is beneficial for the offset
of positive potential energy accumulated during oscillation.
Besides, since grid-side filtering reactance is much smaller than
the potential energy coefficient of voltage outer loop energy
branch, the potential energy generated by filtering reactance
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energy branch can be neglected. Thus, there is no need for po-
tential energy compensation in the abovementioned two energy
branches.

The dissipation energy in grid-side energy channel is gener-
ated by grid-side outer-loop voltage and current energy branches
and inner-loop current energy branch. Their corresponding dis-
sipation energy coefficients are

KpsKpa
Cdc

- I’rdOKpl KpBUstG/Swd)

KpsKpa
Cdc

1 1
X |:((.(}d 7WS)L — MC:|

Anig o (W) = (—Irao Kp1 KpsIsaowaas

Anyg o (W) = — (Irqoas K Kp3 + Lsqoaz Kp1 K;3)

K5 Kig
C1dc

_|_

I a0 Kin Kp3lsqoas [(Wd —ws) L
1 1] KKy
wg — ws C C
Anyg i (W) = waKps.

IgdoRagwd

2

It can be seen from (21) that the dissipation energy coefficients
of grid-side outer-loop current energy branch and grid-side
inner-loop current energy branch are both positive. However,
in the former energy branch, there exists a negative dissipation
term. Thus, it has negative contribution to system stability.

Based on the abovementioned analysis, excitation voltage
energy branch is the key energy branch that affects the potential
energy and dissipation energy in DFIG excitation channel; grid-
side outer-loop voltage energy branch is the key energy branch
that affects the dissipation energy in grid-side channel. By con-
ducting potential energy and dissipation energy compensation in
these two energy branches to increase system dissipation energy
coefficient and lower potential energy coefficient, the stability of
system can be improved, and fast suppression of subsynchronous
oscillation can be realized.

Besides, according to (18)—(21), the potential energy term
and dissipation term both contain parameters R, L, and C, which
reflect the oscillation scene of grid-connected DFIG. The cor-
responding potential energy coefficient and dissipation energy
coefficient both vary as the series compensation degree and
oscillation frequency vary. In other words, when the series com-
pensation degree of DFIG transmission line changes, the excited
oscillation scene also changes, so does the energy compensation
need of system. Therefore, compensation of potential energy and
dissipation energy should adapt to different oscillation cases.

IV. REMODELING OF MULTIPLE ENERGY BRANCHES AND
ACTIVE DAMPING OPTIMIZATION CONTROL

According to the abovementioned analysis, the oscillation
component of stator voltage is the key factor that affects the
coupling between DFIG and grid. The negative dissipation term
and positive potential energy term caused by its flow in the
key energy branches both vary with the oscillation frequency
and series compensation degree. By introducing stator voltage
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compensation branches.

compensation terms to the excitation channel and grid-side chan-
nel, energy compensation branches adaptive to the oscillation
frequency can be constructed. Meanwhile, considering their im-
pact on DFIG fundamental frequency characteristics and system
stability in supersynchronous frequency band, the location and
parameters of energy compensation branches can be optimized.
Thus active damping control of DFIG in sub/supersynchronous
frequency band can be realized. The overall design and operation
procedure of control strategy is shown in Fig. 4.

The overall design procedure is shown in the green frame in
Fig. 4. The design of the proposed control strategy mainly con-
tains three parts, i.e., design of energy compensation branches,
check of fundamental frequency characteristics and parameter
optimization of energy compensation branches. The design of
energy compensation branches refers to constructing dissipation
energy and potential energy compensation branches in excitation
channel and grid-side channel. The check of fundamental fre-
quency characteristics refers to exploring how the introduction
of energy compensation branches affects DFIG fundamental
frequency characteristics, and screening out those compatible
with the characteristics. Parameter optimization of energy com-
pensation branches refers to optimizing the control parameters of
energy compensation branches so that the stability requirements
of both subsynchronous and supersynchronous frequency bands
can be satisfied.

The online operation procedure of control strategy is shown
in the blue frame in Fig. 4. The designed excitation voltage com-
pensation branch and grid-side voltage compensation branch are
introduced to DFIG rotor-side and grid-side converter control
systems. When oscillation occurs, DFIG stator-side voltage
measuring point will input the measured oscillation component
of stator voltage to the energy compensation branches. Then, the
dissipation energy compensation and potential energy compen-
sation can be generated via converter control systems. Therefore,
DFIG damping level can be improved, and system oscillation can
be effectively suppressed.

Next, the design process of each part will be described in
detail.
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A. Remodeling of Excitation Channel Energy

Containing both positive potential energy terms and negative
dissipation terms, excitation voltage energy branch is the key
energy branch in excitation channel. Therefore, both potential
energy compensation and dissipation energy compensation are
needed for this energy branch.

1) Potential Energy Compensation for Excitation Voltage En-
ergy Branch: Apply (9) to the expression of excitation voltage
energy branch in (11), retaining the rotor current term in the
integrand and replacing the integration variable stator current
with stator voltage components, so that the relationship between
stator voltage components and the potential energy of excitation
voltage energy branch can be derived

AW,, = / AigaqKnPLc (w) dAiL,

= /AisqunPLC (w)dPig (w) Ausqu

) 01]
- / Airaq (~aKa) | | | ddul,  @2)
where
K. - Klep3IdSO 0
" 0 Kp2Kp3IdSO_
0 (Wd*WS)L
—(wg —ws) Ot
Pro@) = | wL (wa — ws)
+(wa —ws)1C! 0

Comparison between the integration variables of (2) and (22)
reveals that stator voltage components generate a proportional
gain on rotor voltage after it passes rotor converter, thus affecting
the potential energy coefficient of excitation voltage energy
branch. Therefore, a potential energy compensation branch re-
verse to the proportional gain of stator voltage components can
be added to excitation voltage energy branch. It can be expressed
as

01

~10 sdq

AWadd_u = - /Airquc |: :| dAuT

1 1
= - — / waKpe1 RAiZdt — — Kper
ai ay
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1 1 1
A cr_p — — —K, c — Ws L —m—
Ser_p 2a4 pl{(wd ws) wd—wsC]
1
Ancr_p = - adepclR (23)

where K,,.; is the control parameter of energy compensation
branch.

The control structure of the added energy compensation
branch is shown in red line in Fig. 5, where the high-pass filter
is used to filter the steady-state dc component of rotor current.
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Fig. 5. Control structure of rotor converter.

It can be seen from (23) that the potential energy compensa-
tion term in the added energy compensation branch contains pa-
rameters L and C. The potential energy coefficient of it increases
as the oscillation frequency and series compensation degree
increase, thus, the energy compensation branch can effectively
reduce the energy accumulated during oscillation and improve
system stability in different oscillation cases.

Besides, according to (23), the added compensation branch
generates positive dissipation compensation in subsynchronous
frequency band and can improve system stability. However,
affected bywy, in supersynchronous frequency band, the coupled
dissipation term may exhibit negative dissipation compensation
and will to some degree decrease system stability coefficient in
supersynchronous frequency band.

2) Dissipation Energy Compensation for Excitation Voltage
Energy Branch: Apply (9) to the expression of excitation volt-
age energy branch in (11), retaining the rotor current term
in the integrand and replacing the integration variable stator
current with stator voltage components, so that the relationship
between stator voltage components and the dissipation energy
of excitation voltage energy branch can be derived

. 1 AT
AW,q = /AlsqudPPRLc (W)d(Alsdq)
d
. 1 _ . A\T
_ / AisaqKi—Pric (@)dPRE G (w) (Ausdq)
W
. 1 [ o1 N
= /Alrdq(ale)w3 {_1 0] d(Ausdq> (24)

KlepSIdSO KileSIdSO
KioKpslgso KpaKp3liso

Comparison between the integration variables of (2) and (24)
reveals that stator voltage components generate a differential
gain on rotor voltage after it passes rotor converter, thus af-
fecting the dissipation energy in excitation channel. According
to (24), a dissipation energy compensation branch reverse to
the differential gain of stator voltage components can be added
to excitation voltage energy branch. Thus, system dissipation
energy coefficient can be improved. The control structure of
the added energy compensation branch is shown in blue line in
Fig. 5. The added dissipation energy compensation branch can

where Ky = |
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be expressed as
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It can be seen from (25) that this energy compensation branch
will generate both dissipation energy compensation term and
potential energy compensation term. The dissipation energy
compensation term is constantly positive, and the corresponding
dissipation coefficient increases as w4 and series compensation
degree increase. Thus, it exhibits positive dissipation compen-
sation in both subsynchronous and supersynchronous frequency
bands, and can effectively improve the stability of system. The
potential energy coefficient of potential energy compensation
term is negative, thus, it can reduce the energy accumulated
during oscillation and improve system stability. However, in
supersynchronous frequency band, this compensation term will
provide positive potential energy compensation and increase the
energy accumulated during oscillation.

B. Remodeling of Grid-Side Channel Energy

According to the abovementioned analysis, voltage outer-loop
energy branch is the key energy branch that affects the dis-
sipation energy in grid-side channel. Therefore, a dissipation
energy compensation branch is added to it to realize remodeling
of energy in the channel.

Apply (9) to the expression of voltage outer-loop energy
branch in (14), so that the relationship between stator voltage
components and the negative dissipation energy of voltage outer-
loop energy branch can be derived, shown in (23)

. 1 v
Ang = /Aldedg PPLC (w) dAlSd
d

. 1 . ’
= /AISdeg FPLC (w)dPL’g (w) Ausd
d

. 1 O 1 !
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d

where Ky = — K5 Kps (Laro Ki1 Kp3 + 1is0 K p1 Ki3) /Cac.
Comparison between (2) and (26) reveals that, stator voltage
components generate a differential gain on grid-side voltage
after it passes grid-side converter, thus affecting the dissipation
energy in grid-side channel. Therefore, a dissipation energy
compensation branch reverse to the differential gain of stator
voltage components can be added to grid-side channel, the
control structure of which is shown in red line in Fig. 6.
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Fig. 6. Control structure of grid-side converter.

The added dissipation energy compensation branch can be
expressed as
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where ag is the proportion coefficient between grid-side current
and stator current as > 0.

It can be seen from (27) that the dissipation energy compensa-
tion term in grid-side energy compensation branch can increase
the dissipation coefficient in sub/supersynchronous frequency
band, thus improving the stability of system in full frequency
band. However, the potential energy compensation term in
it exhibits different compensation effects in subsynchronous
and supersynchronous frequency bands. In subsynchronous fre-
quency band, the corresponding coefficient is negative, thus,
the potential energy compensation term can reduce the poten-
tial energy accumulated during oscillation and improve system
stability. However, in supersynchronous frequency band, the
corresponding potential energy coefficient turns positive, thus, it
may increase system potential energy and lower system stability.
Consider that the value of wy is much larger than that of PI
control parameters and line resistance, the dissipation energy
compensation term is much larger than the potential energy
compensation term. Therefore, generally the added energy com-
pensation branch still exhibits dissipation energy compensation
effect.

It should be noted that, in the expressions of excitation channel
and grid-side channel compensation energy, R, L, and C are
all inherent parameters reflecting system oscillation scene. It
means the proposed energy compensation branches can adapt to
different oscillation cases when providing compensation energy.
But the proposed control strategy will not change the values of R,
L, and C, and series compensation line itself does not participate
in energy compensation. Meanwhile, whether C or LC compen-
sation is applied in the transmission line, the effectiveness of the
proposed method will not be influenced.
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C. Verification of Fundamental Frequency Characteristics

The proposed energy compensation branches are mainly for
the suppression of sub/supersynchronous oscillation in DFIG-
integrated power system. However, the introduction of energy
compensation branch strengthens the coupling between sys-
tem perturbation and converter and may affect the dynamic
characteristics of DFIG in nonsub/supersynchronous frequency
band, which is called fundamental frequency characteristics in
this article. Therefore, it is necessary to check their impact on
fundamental frequency characteristics of DFIG.

According to guidelines for grid connection of wind power,
DFIG should have low voltage ride through (LVRT) capability
during short circuit fault [19], [20]. Therefore, the impact of
energy compensation branches on LVRT performance of DFIG
is analyzed in this article as an example. During LVRT, in order to
guarantee normal operation of converter, the variation of rotor
current should stay within a reasonable range [21]. Thus, by
deriving the increment of rotor current generated by excitation
channel energy compensation branch during short circuit fault,
the compatibility of energy compensation branch with LVRT
can be analyzed.

Combine (4), (23), and (25), so that the relationship between
stator voltage and rotor current, after the energy compensation
branch is introduced, can be obtained

asliyq e + Ry Nipg o — (Lo Lg — L2) woNiyg o/

Ly = Kpe1 Augg + KpeaAtigg (28)
a2Aiyg c + Ry DNiyg o + (LyLs — L2)) wolNipq_c/

Ly = Kpe1 Augg + Kpea At

where Ai,q . and Ai,q . are, respectively, d-axis and g-axis
components of the increment of rotor current generated by
energy compensation branch.
After short circuit fault occurs, suppose d-axis and g-axis
perturbation components of stator voltage are
{Ausd =0 cos' (wyt) 29)
Augy = —Up sin (wyt)

where w, = ws — w,,. wy, is the oscillation frequency of pertur-
bation component, which is usually low frequency.

Apply (28)to (29), so that the d- and g-axis forced components
of rotor current generated by energy compensation branch can
be obtained
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(30)
The expressions of coefficients A and B are
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In (30), the term containing K. is the variation of rotor
current generated by potential energy compensation branch.
Since a»<0, A<0, and B<0, daxis and g-axis increments of
rotor current generated by potential energy compensation branch
are both negative, i.e., it can to some degree decrease the rotor
current during LVRT. However, since the oscillation frequency
of stator voltage generated during LVRT w), is relatively small,
and the value of oscillation frequency w, is much larger than
the values of PI parameters in dg coordinate system, according
to (30), the values of A(1) and B(1) are relatively small and
scarcely affected by the parameters of energy compensation
branch. Therefore, potential energy compensation branch has
relatively small impact on LVRT capability of DFIG, scarcely
changing the fundamental frequency characteristics of system.

The term containing K. is the variation of rotor current gen-
erated by dissipation energy compensation branch. According to
(30), affected by w,, and az, both A2y and B (2 are above 0, i.e.,
dissipation energy compensation branch will increase the rotor
current during LVRT. As the parameters of dissipation energy
compensation branch increase, the amplitude of rotor current
will further increase, even reaching the limited value, making
it difficult for rotor converter to operate normally and finally
causing the system to go unstable.

Based on the abovementioned analysis, in excitation channel,
the dissipation energy compensation branch will worsen LVRT
performance of DFIG, thus, only potential energy compensation
is applied, as shown in the red line in Fig. 5. While energy
compensation branch in grid-side channel will not change the
value of rotor current during LVRT, thus, dissipation energy
compensation is applied to grid-side channel, as shown in Fig. 6.

D. Effect of Energy Remodeling in Multiple Frequency Bands
and Parameter Optimization

The proposed energy compensation branches can adapt to
the variation of oscillation frequency and realize dissipation
energy and potential energy compensation in full frequency
band, with different compensation effects in different fre-
quency bands. To meet the requirement on system stability in
sub/supersynchronous frequency bands, a scheme to optimize
the parameters of energy compensation branches in multiple
frequency bands is put forward.
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First, the objective of parameter optimization is established.
Define sub/supersynchronous frequency stability coefficient
ratioc as an index to evaluate the compatibility of energy
compensation branch with the stability in supersynchronous
frequency band, the expression of which is shown in (31). The
bigger o is, the smaller their impact on the stability in super-
synchronous frequency band is, when improving the stability of
system in subsynchronous frequency band

Ssub

Ssupcr

o~

w14

Ssub(K) :/ /Jl(uhK)dw—
(w, K)dw —

w14
) dw

1 w1

po (w, K
Ho (wa K ) dw
(€19}
where  Sguper sub(K) characterizes the effect of energy
compensation branch on system stability coefficient in
sub/supersynchronous frequency band, as shown in Fig. 7.
Consider that the dangerous frequency bands where sub/
supersynchronous oscillation may occur due to the introduction
of series compensation line to DFIG are 5 Hz-30 Hz and 70 Hz—
95 Hz [22], 25 — 2730 is chosen as the integration interval of
Ssub(K), and2770 — 2795 is chosen as the integration interval
of Ssuper(K)'

Furthermore, according to requirements on stability of po-
tential energy coefficient and dissipation energy coefficient in
full frequency band, the constraints of parameters of energy
compensation branches can be determined.

According to the minimum potential energy theorem [23], the
system can only be stable at the point where the potential energy
is the minimum. When &(w,K) > 0, the potential energy has a
minimum value, thus, the system has stable equilibrium point.
When {(w,K) < 0, the potential energy only has a maximum
value, i.e., after the system is disturbed, it will gradually increase
and cannot converge to stable state. Therefore, to guarantee that
the system has stable equilibrium points in full frequency band,
system potential energy coefficient, after energy compensation
branches are added, should satisfy:5 2{1J1<ng . é(w,K) > 0.

w2 w2+
Ssuper (K) :/ H1 (W, /

2 w2

Dissipation energy coefficient can reflect the ability of sys-
tem to dissipate oscillation. When 7n(w,K) > 0, the system has
positive dissipation effect on oscillation, and the bigger n(w,K)
is, the better the dissipation effect is, the fast system oscillation
converges. When n(w,K) < 0, the system has negative dissipation
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effect on oscillation, i.e., the dissipation energy will aggravate
the diverging of system oscillation and cause the system to go
unstable. Therefore, in order to meet the requirement on the
dissipation effect in full frequency band, system dissipation
energy coefficient should satisfy: . gl}l<119 . N(w, K) > 0.

According to the abovementioned objective function and
parameter constraints, a model to optimize the parameters of
energy compensation branches in multiple frequency bands is
constructed, shown in

— | Ssub
max o = ‘S

super

min5n(w7K) >0

s.t. { psws9 32
5%131%})55(%[() > 0.

Concerning the abovementioned model, the stochastic gradi-
ent method is used to determine the parameters of each energy
compensation branch in the following steps.

Step 1: Apply DFIG control parameters to (23) and (27), and
according to the constraints of dissipation energy
coefficient and potential energy coefficient in (32),
calculate the parameter boundary of energy compen-
sation branch, which meets the requirement on sys-
tem sub/supersynchronous stability in full frequency
band, i.e., determine the search range of parameters.
Set the initial values of parameters of energy com-
pensation branch Kj.;(0) and Kj.2(0). According
to the stochastic gradient method, update parame-
ters Kpc1(1) and K, c2(1) in the direction of negative
gradient. If certain group of parameters satisfies the
constraints in (32), this group of parameters is a
feasible solution. If certain group of parameters does
not satisfy the constraints, then regulate the step of
negative gradient and do the “search and update”
again until any feasible solution is found.

Calculate sub/supersynchronous frequency stability
coefficient ratio o(;) corresponding to parameters
Kpcl(i) and Kch(i)- If O(i+1) > O(i), Kpc](i+1)’ and
K, co(i+1) is the current optimal solution; otherwise,
repeat Step 2.

Repeat the search process until the number of itera-
tions is satisfied. The current optimal solution is the
optimal parameters of energy compensation branch.

After parameter optimization, the designed energy compensa-
tion branches are introduced in DFIG converter control system.
The measurement of stator voltage is taken as the final input
of energy compensation branches to realized active damping of
subsynchronous oscillation.

It should be noted that, the proposed energy compensation
branches are newly introduced control branches in DFIG con-
verter control system, which do not affect parameters of the
original control branches.

Step 2:

Step 3:

Step 4:

V. SIMULATION VERIFICATION
A. Test System

To verify the feasibility of the proposed method in real system,
a simulation model is built in RT-LAB referring to the network
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Fig. 8.  Experimental platform. (a) RT-Lab and oscilloscope. (b) Connection
between RT-Lab and DFIG controller.

TABLE II
DFIG PARAMETER SETTING

Parameter Value Parameter Value
Rated power 1.SMW Rotor resistance R, 0.05631pu
Rated frequency 50Hz Stator leakage inductance L,  0.1pu

Stator rated voltage ~ 0.69kV Rotor leakage inductance L, 0.03129pu

Stator resistance R; Opu Mutual inductance L,,  0.13129pu
Integral gain of active Proportional gain of reactive
power outer loop Kji 20 power outer loop K, 0.05pu
g g ol eethe g, Popoions g T
Integirr'ii egrall(l)l()?)f I(égrrent 0.92pu Proportifnn;ll%?)gl Igfjcurrent 0.0048pu
Integral gain of 38.2pu Proportional gain of 3pu

PLL K pri PLLK, pir

topology and parameters of a real wind farm transmitted via the
series C compensation system, shown in Fig. 8, where DFIG
controller is an external physical controller containing DFIG
rotor-side and grid-side converters, which generates converter
control signals as input signals to RT-LAB for simulation anal-
ysis

DFIG parameter setting is shown in Table II. The control
parameters used in the simulation tests in this article are all
typical DFIG converter control parameters provided by the man-
ufacturer. First, the variation of dissipation energy and potential
energy coefficient as the oscillation frequency and parameters
of energy compensation branches vary is calculated. And then,
according to the proposed parameter optimization scheme, the
optimal parameters of energy compensation branches are de-
termined. Finally, through hardware-in-loop simulation tests,
the effectiveness of the proposed control strategy in different
oscillation cases and its compatibility with DFIG fundamental
frequency characteristics are verified.

1) Optimization and Remodeling of Multiple Energy Branches

1) Remodeling of Excitation Channel Energy: After energy
compensation is added to excitation voltage energy branch, the
variation of system potential energy coefficient and dissipation
energy coefficient are shown in Fig. 9. The variation of system
potential energy coefficient is shown in Fig. 9(a). It can be
seen that the remodeled excitation voltage energy branch has
obvious compensation effect in subsynchronous frequency band.
System potential energy coefficient gradually decreases as K,
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Fig. 10. Variation of sub/supersynchronous frequency stability coefficient
ratio as parameter of excitation voltage energy compensation branch varies.

increases, and the stability of system gradually improves. In
supersynchronous frequency band, the compensation effect of
it is relatively small, but system potential energy coefficient
still gradually decreases as K. increase. Therefore, excitation
voltage energy compensation branch can decrease the energy
accumulated during oscillation and accelerate the converging of
system oscillation.

The variation of system dissipation energy coefficient after
excitation voltage energy compensation branch is introduced
is shown in Fig. 9(b). It can be seen that, the added energy
compensation branch can increase system dissipation energy
coefficient in subsynchronous frequency band. However, in
supersynchronous frequency band, system dissipation energy
coefficient decreases due to negative compensation effect on
dissipation energy. Thus, when setting the parameter of it, the re-
quirement on dissipation energy in supersynchronous frequency
band should be considered.

Furthermore, according to (32), parameter optimization
model of excitation voltage energy compensation branch in
multiple frequency bands is built, and the optimal parame-
ter K,.; is determined using the stochastic gradient method.
According to the constraints of dissipation energy coefficient
in supersynchronous frequency band, calculate the parameter
boundary corresponding to _min n(w, K) = 0, so that the

70<w<95

value of K,.; can be determined to be between 0 and 0.1 p.u.
The optimization of K,,.; is shown in Fig. 10. It can be seen that,
when K,,.; gradually increases from 0.01 p.u., o also increases.
When K, reaches 0.09 p.u.,o reaches the maximum value. At
this time, the impact of excitation voltage energy compensation
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Fig. 11.  Simulation results of excitation voltage energy compensation branch.

branch on the stability of system in supersynchronous frequency
band is the minimum. When K,,.; goes past 0.09 p.u., the
compensation effect of excitation voltage energy compensation
branch on dissipation energy in supersynchronous frequency
band gradually becomes prominent, and o in supersynchronous
frequency band drops acutely. Therefore, the optimal parameter
of excitation voltage energy compensation branch is determined
to be 0.09 p.u.

To verify the effectiveness of excitation voltage energy com-
pensation branch designed previously, hardware-in-the-loop
simulations tests are conducted corresponding to K1 = 0.02,
0.05, and 0.09 p.u., respectively. Suppose series compensation
line is switched ON at t = 1.5 s, which excites subsynchronous
oscillation in the system, and excitation voltage energy compen-
sation branch is switched ON at r = 2.5 s. The simulation results
are shown in Fig. 11.

It can be seen from Fig. 11 that, subsynchronous oscillation
excited by the series compensation system exhibits diverging
trend. Without control, the system will gradually go unstable.
After excitation voltage energy compensation branch is switched
ON att= 2.5 s, since the accumulated potential energy of system
is offset by the energy compensation branch, the oscillation
amplitude drops. And, the bigger parameter K,,.; is, the more
obvious the compensation effect on potential energy is. When
Kper = 0.09 p.u., the oscillation amplitude drops to 1/5 of the
original value. Meanwhile, since the accumulated potential en-
ergy decreases, the dissipation intensity of system can meet the
requirement on energy dissipation during oscillation. It can be
seen that, the oscillation converges faster and reaches stable state
in 0.5 s, thus, the stability of sub/super-synchronous oscillation
is greatly improved.

2) Remodeling of Grid-Side Channel Energy: After energy
compensation branch is added to grid-side channel, the varia-
tion curves of system potential energy and dissipation energy
coefficient as the oscillation frequency and parameter of energy
compensation branch vary are shown in Fig. 12.

Fig. 12(a) depicts the variation of system potential energy co-
efficient. It can be seen that, in subsynchronous frequency band,
grid-side energy compensation branch can reduce the potential
energy coefficient and improve system stability. However, in
supersynchronous frequency band, it will increase the potential
energy coefficient. Besides, as K5 increases, its potential en-
ergy compensation effect also gradually increases, which will
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Fig. 13.  Variation of sub/supersynchronous frequency stability coefficient
ratio as the parameter of grid-side energy compensation branch varies.

lower the stability of system in supersynchronous frequency
band. Therefore, when setting the parameter of the branch, the
requirement on potential energy in supersynchronous frequency
band should be considered.

The variation of system dissipation energy coefficient is
shown in Fig. 12(b). It can be seen that grid-side energy com-
pensation branch obviously increases system dissipation energy
coefficient in subsynchronous frequency band, thus accelerat-
ing the converging of subsynchronous oscillation. In supersyn-
chronous frequency band, the positive dissipation compensation
effect of grid-side energy compensation branch is relatively
small. However, as K,,. 3 increases, it still exhibits positive dis-
sipation compensation effect, improving the stability of system
in supersynchronous frequency band.

Furthermore, according to (32), parameter optimization
model of grid-side energy compensation branch in multiple
frequency bands is built, and its optimal parameter K .3 is deter-
mined using the stochastic gradient method. The optimization
of K3 is shown in Fig. 13. It can be seen that when K,c3 <
0.03 p.u., as K3 increases, o also gradually increases. When
Kpe3 =0.03 p.u., o reaches the maximum value, when the impact
of grid-side energy compensation branch on the stability level
of system in supersynchronous frequency band is the minimum.
When Kj,c3 > 0.03 p.u., since potential energy coefficient in
supersynchronous frequency band increases acutely as K3
increases, o gradually drops. Therefore, the optimal parameter
of grid-side energy compensation branch is determined to be
Kpcs =0.03 p.u
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Fig. 14.  Simulation results of grid-side energy compensation branch.

To verify the effectiveness of grid-side energy compensation
branch designed previously, hardware-in-the-loop simulations
tests are conducted corresponding to K. 3 = 0.01 p.u., 0.02 p.u.,
and 0.03 p.u., respectively. Suppose grid-side energy compen-
sation branch is switched on at r = 2 s, and the variation curves
of d-axis current are shown in Fig. 14.

It can be seen from Fig. 14 that, at the instant when the
grid-side energy compensation branch is switched ON, system
oscillation amplitude scarcely changes. This is because, the
potential energy compensation term in the grid-side energy
compensation branch is relatively small, thus, it does not affect
the accumulation of potential energy during oscillation. How-
ever, since the dissipation energy compensation effect of it is
relatively big, system dissipation intensity obviously increases
at the instant, and the oscillation of d-axis current turns from
diverging to converging. As K3 increases, the dissipation
energy compensation effect is more obvious, and the converging
of oscillation also gradually speeds up.

Furthermore, according to Figs. 9 and 12, after the param-
eters optimization, the potential energy and dissipation energy
generated by excitation voltage and grid-side voltage energy
compensation branches in supersynchronous frequency band
can compensate for each other. That is to say, the negative
dissipation energy compensation caused by excitation volt-
age compensation branch in supersynchronous frequency band
can be offset by the positive dissipation compensation caused
by the grid-side voltage compensation branch. Similarly, the
negative potential compensation caused by excitation voltage
compensation branch in supersynchronous frequency band can
offset the positive potential compensation caused by the grid-
side voltage compensation branch. Therefore, when both the
excitation voltage and grid-side voltage energy compensation
branches are added, the proposed control strategy can satisfy
the stability requirement of supersynchronous frequency band
and effectively suppress system oscillation in super-synchronous
frequency band.

C. Verification of the Adaptability to Different Oscillation
Cases of the Proposed Control Strategy

To verify the contribution of the proposed method in adapt-
ability to different oscillation cases, the value of the capacitance
of the series compensation line is adjusted to excite different
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Fig. 15. Active damping control effects corresponding to different series
compensation degrees.

oscillation cases for simulation. The comparison between the
proposed control strategy and commonly used rotor current
compensation control [13] is also made for validation.

Suppose series compensation line is switched ON at#=1.5s
with the series compensation degree being 22%, 28%, 34%,
40%, and 43%. The frequencies of subsynchronous oscillation
excited in DFIG-integrated power system are, respectively, 5,
5.33, 6, 6.66, and 7 Hz. In the abovementioned five oscillation
cases, excitation voltage and grid-side energy compensation
branches are both switched ON at r = 2.5 s. Simulation results
of the proposed control strategy are shown in Fig. 15.

It can be seen from Fig. 15(a) and (b) that, when series
compensation degree is 22%, the subsynchronous oscillation
excited in the system converges slowly. After energy compensa-
tion branch is switched ON at = 2.5 s, the oscillation converges
faster and the system reaches stable state at = 2.6 s.

When series compensation degree increases to 28%, the os-
cillation curve of d-axis current and the oscillation spectrum of
grid-side current are shown in Fig. 15(c) and (d). It can be seen
that constant-amplitude subsynchronous oscillation is excited in
the system. After energy compensation branch is switched ON,
the oscillation amplitude of d-axis current immediately drops
due to potential energy compensation effect. At the same time,
since dissipation energy coefficient increases, system oscillation
gradually turns to stable state.

When series compensation degree increases from 34% to
48%, diverging oscillation is excited in the system with the
oscillation frequency being 6—7 Hz, and in these cases the
oscillation curves of d-axis current and the oscillation spectrums
of grid-side current are shown in Fig. 15(e)—(j). It can be seen
that, as series compensation degree increases, the amplitude of
system oscillation also increases, so does the diverging speed.
After energy compensation branch is switched ON at t = 2.5 s,
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since the compensation effect of energy compensation branch
also increases as series compensation degree rises, in these cases
the oscillation amplitude of d-axis current drops to below 1/2 of
the original value and system oscillation converges to stable state
in 0.5 s.

Simulation results of the rotor current compensation method
are shown in Fig. 16, where it can be seen that, when the
series compensation degree is 22% and 28%, system oscillation
has constant amplitude, and rotor current compensation method
can damp the oscillation. When the series compensation degree
increases to 34%, the damping effect of the method obviously
drops, and system oscillation converges slowly. When the series
compensation degree increases to 48%, it can no longer meet
the damping demand of system, and the oscillation gradually
diverges. This is because, rotor current compensation method
adds fixed damping compensation in RSC, which does not vary
as the oscillation scene varies. Thus, when the series compen-
sation degree further increases, the method may fail to meet the
damping demand. Comparison between Figs. 15 and 16 show
the proposed control strategy can adapt to different oscillation
cases.

D. Verification of the Compatibility With Supersynchronous
Frequency Band of the Proposed Control Strategy

To verify the contribution of the proposed method in compati-
bility with supersynchronous frequency band, forced oscillation
caused by the injection of external harmonic source is taken
for simulation. The comparison between the proposed control
strategy and rotor current compensation control is also made for
validation.
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Fig. 17. Active damping control effects corresponding to harmonic sources
with different oscillation frequencies.

Suppose harmonic voltage source with the oscillation fre-
quency being 60-95 Hz is switched on in DFIG-integrated
power system at t = 2 s, and excitation voltage and grid-side
energy compensation branches are both switched ON at = 3 s.
Simulation curves of the proposed method are shown in Fig. 17.

Fig. 17(a) shows the oscillation curve of DFIG d-axis current
excited by 60 Hz harmonic voltage source. It can be seen that,
a 10 Hz oscillation component is induced in d-axis current.
However, since the slip of DFIG at such frequency is relatively
small, the oscillation component induced in d-axis current is not
obvious. When the oscillation frequency of harmonic source
increases to 65 Hz, the oscillation curve of DFIG d-axis current
is shown in Fig. 17(b). In this case, a 15 Hz oscillation compo-
nent is induced in d-axis current. After energy compensation
branch is switched ON, the oscillation component in d-axis
current drops to 1/3 of the original value.

When the oscillation frequency of harmonic voltage source
varies from 70 Hz to 95 Hz, the oscillation curve of d-axis
current is shown in Fig. 17(c)—(h). It can be seen that, the
higher the oscillation frequency is, the larger the oscillation
amplitude is. After energy compensation branch is switched
ON, since the energy compensation branch offsets the potential
energy accumulated during oscillation, the oscillation amplitude
of d-axis current obviously drops. The higher the oscillation
frequency is, the bigger the potential energy compensation effect
is, and in supersynchronous frequency band, the percentage of
induced oscillation component in d-axis current drops from 20%
to below 10%.

Simulation curves of rotor current compensation method are
shown in Fig. 18. It can be seen that, in supersynchronous
frequency band, the damping effect of the method is not obvious.
Especially in the frequency band of 60-70 Hz, this control
strategy has scarcely any damping effect on system oscillation.
In the frequency band of 75-95 Hz, rotor current compensation
method causes the amplitude of system oscillation to drop, but
its damping effect is relatively weak compared with that of the
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Fig. 18.  Control effects of rotor current compensation method corresponding
to harmonic sources with different oscillation frequencies.

proposed method. This is because, the control parameters of
the method are designed only for subsynchronous frequency
band, and system stability in supersynchronous frequency band
is not considered. Besides, rotor current compensation method
only uses RSC to suppress oscillation without considering the
damping effect of GSC, thus, its control effect is limited. The
proposed method based on collaborative control of RSC and
GSC can effectively improve the active damping effect of DFIG.

E. Verification of the Compatibility With Fundamental
Frequency Characteristics of the Proposed Control Strategy

To verify the compatibility of the proposed energy compensa-
tion branches with DFIG fundamental frequency characteristics,
the LVRT process of DFIG is simulated in this article by setting
three-phase short circuit fault on the line via which DFIG is
integrated to the grid. Suppose the fault lasts for 0.2 s and the
fault resistance is 0.01€2.

LVRT characteristics of DFIG with energy branch compensa-
tion and rotor current compensation are verified, the comparative
simulation curves shown in Fig. 19.

Fig. 19(a) depicts the variation curves of DFIG rotor current
during LVRT, where the variation curve of DFIG with rotor
current compensation is shown in red. It can be seen that DFIG
rotor current has sudden increase both at the instant of LVRT
and in the voltage restoration process, with the overcurrent
value reaching nearly three times the rated value. Thus, stable
operation of rotor converter is endangered, as well as effective
LVRT of DFIG. The variation curve of DFIG with the proposed
energy branch compensation is shown in blue. It can be seen that,
there is no obvious difference between DFIG rotor currents with
energy branch compensation and without energy branch com-
pensation. Thus, energy branch compensation does not affect
DFIG induction current and electromotive force during LVRT,
and normal operation of rotor converter can be guaranteed.

Fig. 19(b) depicts the variation curves of DFIG stator voltage
during LVRT. It can be seen that, compared with DFIG without
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Fig. 19. Waveforms of DFIG terminal voltage and rotor current during LVRT
with rotor current compensation, with the proposed energy branch compensation
and without compensation control.

compensation control, the terminal voltage of DFIG with rotor
current compensation control drops even more during LVRT
and voltage restoration, which worsens the problem of LVRT.
The proposed energy branch compensation scarcely affects the
variation of DFIG stator voltage during LVRT. Therefore, the
proposed method is compatible with fundamental frequency
characteristics of DFIG.

VI. CONCLUSION

This article constructs potential energy and dissipation en-
ergy compensation branches in key energy branches of DFIG.
The locations and parameters of energy compensation branches
are optimized, considering the compatibility with DFIG funda-
mental frequency characteristics and the stability of system in
sub/supersynchronous frequency bands. On this basis, an opti-
mal remodeling of multiple energy branches in full frequency
band is realized. The main conclusions are listed as follows.

1) Among the components of system dynamic energy, poten-
tial energy component, and dissipation energy component
are key factors that characterize the stability level of
system. According to Lyapunov’s second law, the bigger
dissipation energy is and the smaller potential energy is,
the faster the potential energy accumulated during oscil-
lation is consumed, i.e., the higher system stability level
is.

2) Energy compensation branches constructed in this article
are based on stator voltage components and can adapt
to the variation of oscillation frequency and different
oscillation cases when compensating for potential energy
and dissipation energy, not limited to single resonance
frequency point.

3) In parameter setting of energy compensation branches,
the requirement of the stability in supersynchronous fre-
quency band is considered. After the parameters optimiza-
tion, the potential energy and dissipation energy gener-
ated by excitation voltage and grid-side voltage energy
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compensation branches in supersynchronous frequency
band can compensate for each other. Thus, the proposed
control strategy can meet the stability requirement of su-
persynchronous frequency band, and effectively suppress
system oscillation in supersynchronous frequency band.
The proposed active damping control strategy based on
remodeling of multiple energy branches does not affect
the dynamic characteristics of DFIG rotor current and
terminal voltage during LVRT, thus, it is compatible with
fundamental frequency characteristics of DFIG.
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