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Analytical Damping Contribution Assessment
Method of Multiconverters System Based
on Energy Network Model

Letian Wang ", Jing Ma

Abstract—Multiconverters connected to grid can induce sub-
synchronous oscillation (SSO). This article proposed an analytical
damping contribution assessment method that can explicitly reveal
how (positively or negatively) and to which degree each converter
in the multiconverters system changes the system stability level.
First, the energy network model of the multiconverters system that
satisfies energy conservation is proposed. On this basis, a theory
proof is presented that the real part of eigenvalue of SSO mode
in the multiconverters system is equal to the sum of coefficient in
the aperiodic components of the derivative of dynamic energies
injected by each converter and dissipation energy of network, which
illustrates analytically how the SSO stability level is shaped. The
dynamic energy showing a decreasing trend is good for the oscil-
lation to disappear, and the faster the dynamic energy decreases,
the faster the oscillation amplitude decreases. Thus, how and to
which degree converter changes stability level can be revealed by
the changing trend and rate of its dynamic energy, respectively.
Moreover, the expression of dynamic energy is brief, which is,
thus, readily for online use, and is universal for converters with
different control strategies. Finally, hardware in loop tests verifies
that, eliminate converters’ rapidly increasing dynamic energy, the
unstable SSO converges rapidly, and eliminate converters’ slowly
increasing dynamic energy, the unstable SSO converges but slowly,
and eliminate converters’ decreasing dynamic energy, unstable
SSO diverges more rapidly, which demonstrates that dynamic
energy can precisely assess damping contribution of converter.

Index Terms—Damping contribution assessment, energy net-
work model, multiconverters system, subsynchronous oscillations
(SSOs).

1. INTRODUCTION

ITH the wide application of converters in power gen-
W eration, transmission, and distribution, the traditional
energy conversion equipment has been replaced by power elec-
tronic devices, and the dynamic characteristics of the power
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system have undergone tremendous changes [1]. The sub-
synchronous oscillation (SSO) that occurs frequently is one
of the key bottlenecks restricting the stable operation of the
multiconverters-based power system [2]—[5]. For restraining the
oscillations from spreading and ensuring the stable operation
of system, identifying the root cause for oscillation in time
is essential. Therefore, it is imperative to study the damping
contribution assessment method.

1) Currently, methods used to track damping contribution

mainly include the following:

2) energy flow method;

3) subsynchronous power method;

4) subsynchronous impedance method;

5) improved participation factor analysis method.

The energy flow method is a classical online damping con-
tribution assessment method proposed early [6]-[8], and it has
been verified in the industry application [9]. This method es-
tablishes a quantitative relationship between the change trend
of energy flow and oscillation amplitude. So, the damping con-
tribution of equipment to system stability can be evaluated by
the change trend of its corresponding energy flow. However,
the aforementioned quantitative relationship is derived based
on the phasor model [6]-[9], which is quite different from
the concerned SSO that is generally perceived as electromag-
netic transient scale problem. So, this method is hard to track
the damping contribution to SSO. The subsynchronous power
method and the subsynchronous impedance method proposed
recently are available for the SSO problem [10]-[13], and their
principles are similar. Based on the physical concept that nega-
tive resistor is not conducive to stability and produces negative
power, converters with negative power output make negative
damping effect on system, so realizing damping assessment.
However, the equivalent negative resistor only indicates that
there is a risk of instability [14]. To determine if the multicon-
verters system is unstable quantitatively, the Nyquist criterion
or eigenvalue should be used as in [15]-[18]. Therefore, the
aforementioned two methods are only suitable for identifying
whether the converter is an oscillation source, but it is hard to
explicitly quantify to which degree each converter in the mul-
ticonverters system changes the system stability level. The im-
proved participation factor method is proposed recently that can
get quantitative results rigorously [19]-[22]. Through sensitivity
analysis, the quantitative relationship between the apparatus,
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states, or parameters and the stability level is studied, and the
root cause for oscillation is obtained. But the sensitivity-based
analysis requires high model integrity and parameter accuracy,
and it is very difficult and inconvenient to obtain all equipment
models and parameters of large-scale converters system, so the
feasibility and accuracy of this method are greatly reduced. And,
calculating the sensitivity of large-scale systems is very complex
and time-consuming, which also limits the online use of this
method.

To sum up, the abovementioned methods are either hard to
be applied to electromagnetic transient scale oscillation anal-
ysis, or difficult to quantify to which degree a single equip-
ment change the overall system stability level, or the stability
analysis requires high model accuracy and complex calculation
process. In view of the abovementioned problems, considering
that all converters in the multiconverters system are connected
to the network through specific ports, based on the dynamic
energy on the corresponding converter connection port, this
article reveals a brief and analytical relationship between port
connection converter dynamics and the overall system stability
level, so as to realize damping contribution assessment. Com-
pared with traditional methods, this article has the following
contributions.

1) This new energy-based stability analysis method is suit-
able for electromagnetic transient scale oscillation anal-
ysis. Compared with the traditional energy flow method
[6]-[9], the application scope is further extended.

2) The analytical form of dynamic energies summed one by
one as stability criteria is brief and clear to help know how
the SSO stability level is shaped, so it is convenient to
reveal analytically how and to which degree each converter
in multiconverters system changes stability level.

3) The expression of dynamic energy is brief as the expres-
sion of traditional energy flow [9], which is, thus, readily
for online use, and is universal for converters with different
control strategies.

The remainder of this article is organized as follows. In
Section II, the basic frame of the conventional energy flow
method is reviewed. In Section III, an energy network model
of the multiconverters system that satisfies energy conserva-
tion is constructed. And Section IV presents the analytical
relationship between the increase/decrease of dynamic energy
injected by each converter and the divergence/convergence
of amplitude of oscillation in the multiconverters system.
Accordingly, it demonstrates analytically that how and to
which degree converter changes the overall system stabil-
ity level can be assessed by the dynamic energy. In Sec-
tion V, the correctness of the proposed method is verified
by hardware in loop tests. Finally, Section VI concludes this
article.

II. REVIEW OF CONVENTIONAL ENERGY FLOW METHOD

The basic frame of the conventional energy flow method
used for oscillation analysis is reviewed in this section. And
the limitation of the conventional method is discussed.
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A. Theory Basis

In [6]-[7], the expression of energy flow injected by ith
generator bus to jth bus is

Wy = /APijdAGi +/AQijdAVi (1)

where AP;; and AQ; are the deviations in active power and
reactive power from ith bus to jth bus, respectively, Af; is the
deviations in voltage angle of ith bus, AV; = In(U;)—In(U; ),
U; is the voltage amplitude of ith bus, U; , is the steady-state
value of U;.

If W;;<0, the generator dissipates the energy and provides
positive damping to system, and vice versa. This criterion is
proved by (8) in [6] for the single-machine system and by (19)
in [23] for the multimachine system.

B. Application

Combined with the wide area measurement system (WAMS),
the W;; can be measured in real time [9], [24]. The detailed steps
can be found in [9] and [24], which are summarized as follows.

Step 1: The data, i.e., active power, voltage, angle, etc., are
collected by the WAMS.

Step 2: The obtained data are then decomposed into a number
of oscillation modes.

Step 3: The energy flow is calculated based on the results from
step 2.

Step 4: According the sign of energy flow, the damping contri-
bution of each generator is revealed.

On this basis, the online emergency control [25], design of
damping controller for low-frequency oscillation [26], [27], etc.,
can be realized.

C. Limitations

It can be found from [6]—[9] that the derivations and proofs of
energy function as (1) in the conventional energy flow method
are based on the quasi-static phasor modeling approach of syn-
chronous generator and power network. Thus, the variables used
in (1) are dominated by the fundamental frequency component
of the system (50 or 60 Hz) [28]. And the energy flow method is
usually used to deal with electromechanical oscillation problem
(i.e., low-frequency oscillation).

However, for the SSO concerned in this article, the dynamic
of variables is dominated by that of frequency component of the
electromagnetic oscillation in system (the frequency is not 50
or 60 Hz). If we apply these variables into (1) directly, it may
cause unreasonable stability assessment results, which is further
verified by experimental test in Appendix A. The reason behind
is that (1) is with simplification during the quasi-static phasor
modeling and cannot completely capture the electromagnetic
phenomena [28]. So, the conventional energy flow method may
not be directly suitable for the SSO study.

Since the SSO caused by converters needs to be valued with
the rapid development of the power converter-based renewable
energy system, a new method is necessary to be proposed. In the
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Fig. 1. Diagram of multiconverters system.

following sections, a new energy function is established based
on the model of the converter system and without the assumption
that electromagnetic transients are negligible, which is different
from (1). Thus, compared with the conventional energy flow
method, the proposed method can be applied to electromagnetic
transient scale oscillation problem of the converters-based power
system. The expression of energy functions of the proposed
method is also brief as the expression of conventional energy
flow, which is, thus, readily for online use. The proposed method
is universal for converters with different control strategies.

III. ENERGY NETWORK MODEL

A. Mathematical Model of Multiconverters System

Fig. 1 shows diagram of the multiconverters system. Suppose
network in Fig. 1 contains N nodes and M branches. Among
them, the N nodes (N = ny+ns+1) contained can be divided
into the following three categories.

Category 1: The converter nodes defined as type A nodes, the
total number of which is ny, as the green circles in Fig. 1.
Category 2: The internal nodes of the network defined as type B

nodes, the total number of which is n, as red circles in Fig. 1.
Category 3: The node connected to external grid defined as type
C node, total number of which is 1, as black circle in Fig. 1.

The M branches (M = mj+msy) can be divided into the
following two categories.

Category 1: The branches not directly connected with type C
node defined as type A branch, the total number of which is
mq.

Category 2: The branches directly connected with type C node
defined as type B branch, the total number of which is ms.

1) Modeling of Power Network: According to the electrical
network theory [28], the incidence matrix A, of the network in
Fig. 1 is

Branch1--- --- Branch M
Node 1 ail @12 -+ Q1M
Aa — Node 2 a21 @22 -+ A2)Mf (2)
Node N aNi1 GN2 ** ANM

In (2), if the mth branch is associated with the nth node and
the branch direction deviates from the node, then the element
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d,m = 1; if the mth branch is associated with the nth node and
the branch direction points to the node, then the matrix element
Aym = —1, if mth branch is not related to nth node, a,,,,, = 0.

Furthermore, define the d-axis and g-axis components of
voltage on the type C node as: ugq and uyq, which usually
constant because the stiff large power grid. And define the type
A and type B nodes voltage vectors in d-axis as Ugg and U g,
and in g-axis as Ug, and Ung, respectively. The expressions of
these voltage components are

Usa=[usa1 usdz2 -+ Usdn, |

UNd: [uNd,’nl-i-l UNdn +2 " uNd,’nl-i-ng]

3)

Usq= [usq,l USq2 " * uSqu

UNq: [UN(Jml-‘t-l UNgni+2 " qu,nl-i-nz]

The d-axis current vectors on the type A and type B branches
are defined as I'74 and I 44, respectively, and the g-axis current
vectors are defined as I'1,, and I 44, respectively. The expressions
of these current components are

Ing=ira1ird2 - iLdm |

Igd: [igd,m1+1 Z'gd,mri-Q e i9d777ll+m2 } ()
ILq: [iLq,l iLq,2 Z'Lq,ml]
I44= [qu,m1+1 tgqma+2 " qu,m1+m2}

By combining (2)—(4), the differential equations of the net-
work in Fig. 1 can be obtained, as shown in the following.
a) Differential Equations of Nodes: The equations of n;
type A nodes are

duSd,- . ILd .
Cs,i—g~ = woCs iusqi — Aqli,:) [ } +iSd,i

i=1,2,...m

usg i . I . ’
Cs,z'dd% = —woCs iusdq,; — Aqali,:) {ILq] +1i8q,i
9q
i=1,2,...m
©)
The equations of ny type B nodes are
duNd,j _ - ILd
Ong =g = woOn.jungj = Aalf,2) | 1
g
j=n1+1,n1+2,...n1+n2 (6)
Ung. i . I ’
Onj° Tt = —woCn jung,j — Aa(j,:) [ILQ}
9q

j=n1—|—17n1+2,...n1+n2

In (5) and (6), Cg,; and Cy,; are the capacitances connected
at type A and type B nodes, respectively; igq ; and igq ; are the
d-axis and g-axis output current of the ith converter connected
at type A nodes, respectively.

Since the voltage at the type C node is constant without
dynamic process, the differential equation of the type C node
does not exist.

b) Differential Equations of Branches: The equations of
my type A branches and my type B branches are shown in (7)
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Fig. 2. Connection between ith converter and network.

and (8), respectively

Lpg dijf” =woLnirgy — Riirag + Aa(:,l)T [giz]
[=1,2,...my
L %52t = —woLn tizay — Riivgs + Aa(:, )7 {giﬂ
[=1,2,...m

(N
Ly, dii’[i’z = woLy,+igg.: — Reiga: + Aa(,2)" [giz]
—Ugqg  z2=my+1,...m+ma
Ly %12 — 0oL, irai—Raige:+Aa(,2)" [g;i]
—Ugg Z=m1+1,...mi+me

(®)

In (7) and (8), Ly,,; and L, . are the inductances connected in
series with the type A and type B branches, respectively; R; and
R, are the parasitic resistances of L,, ; and L, ., respectively.

2) Modeling of Converters: The connection between the ith
converter and network is shown in Fig. 2. No matter what control
strategy the ith converter adopts, the linearized state-space model
of the ith converter is given as

Ax; = A;Ax; + B;Au; )

where A represents the small perturbation of a variable. A;, B;,
C;, and D; are the state-space matrices, which is determined
by P; that is the set of filter and control parameter of the ith
converter. Ax; is the state variable vector of the ith converter. The
input vector Au; = [Augq s, Autgq il ie., type A node voltage
in (5), is the terminal voltage of the ith converter in dg-axis. The
output vector Ay; = [Aigg,i, Aigg,q] is the d-axis and g-axis
output current of the ith converter connected at type A nodes.

By solving the linear differential equations, as shown in (9),
Aigq,; and Aig, ; can be unified as the implicit function shown
in (10), which is related to the filter and control parameters and
terminal voltage of the ith converter

{ Nigqi = ha; (Au,, P;)

Aigqi = hgi (Aug, Py) - (10

3) Modeling of Multiconverters System: The power network
models (5)—(8) are linear. By substituting the implicit function
(10) into (5), and combining with other network (6)—(8), the
overall mathematical model of the multiconverters system can
be obtained. According to (5)—(8), each differential equation in
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the obtained model can be written as the following general form:

dAl‘ii
CZZ dt

where c¢;; and b;; are constant terms in iith equation, Axy

represents the small perturbation of iith state variables, and f;;
is the function composed of other state variables except Ax;;.

And (11) helps us to clarify the general process of proposed

energy network modeling method in following section.

= —bjiAzxy; + fii (11)

B. Energy Network Model of Multiconverters System

Based on (11), the energy network model of the multiconvert-
ers system can be constructed by the following steps.

Step 1: Multiply both sides of (11) by the state variable in the
differential symbol d()/dt, and then multiply the result by dr,
which yields

Step 2: Integrate both sides of (12) with respect to #, so that
the energy function corresponding to the iith equation in
mathematical model of the multiconverters system can be
obtained

1

Step 3: Add up all the energy functions as the form of (13), so
that the total energy function of the multiconverters system
can be obtained

N+M-1

% Z C”AIZZ,L = —

=1

N+M-1

=1
N+M-1

+ Z /fiiAa:“-dt. (14)

ii=1

Step 4: According to [29] and [30], prove whether (14) satis-
fies the energy conservation condition or not. If it does, the
construction of the energy network model is finished.

According to the abovementioned steps, follow steps 1 and
2 to obtain the detailed expressions of node and branch energy
function as shown in (15)—(18).

1) The energy functions of n; type A nodes are

SCS = WSc + Econv (15)

where

SCs = 2?211 SCs,i =
WSC = Z?:ll WCs,i
— > Augay (302 aalirag
F T 4 Niga, )
=202 Ausgs Q02 anlirg,
+ T 432 Nigg 2

Econv = Z:L:H Econv,i

= [ (X1, Augq,iNisa; + AuggiAisq,;) dt

1=

1 1 2 2
5 2ie1 OsiAug, ;, + CsiAug, ;

dt
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In (15), S¢s,; is the stored energy of the ith type A node;
W, is the interaction energy between the ith type A node and
the branches it is connected with; Ecqy,y 4 is the dynamic energy
injected by the ith converter form its terminal port.

Because igq; and igq; in Econy,; is the implicit function
of control parameters of ith converter according to (10), the
expression of dynamic energy Eo,y, ;1S universal no matter what
control strategy the converter adopts. And how Eqy ; changes
the system stability level is introduced latter in (28). Thus, the
converter port dynamics on the system stability can be assessed.

2) The energy functions of n5 type B nodes are

SNS == WNC (16)

where

_ ni+mna .
Sns = Zj=n1+1 SNS,J
1 ni+nz . 2 X 2
On,jAuy, ; + COnjAuy, ;

— ni+nz
WNC - Ej:nﬁ,—l w

2 j=ni1+1
Ne,j

ni+ns my -
=it Aunag (3024 ajidicag
mi+mao ) .
+ Zz:m1+1 anAlgd,Z) -
ni+ns ) my . .
Zj:nl-&-l Aupng,j (D212 ajilirg,

mi+ma ) .
+ Zz:m1+1 anAquyz)

dt

=/

In (16), Sys,; is the stored energy of the jth type B node;
Wi, is the interaction energy between the jth type B node and
the branches it is connected with.

3) The energy functions of m; type A branches are

SLn = Wnline + DRn (17)

where

Sin =312 Sing = % =1 L7b,1Ai%d,l + L%lAi%q,l
Wnline = Z;ill Wnline,l

Sy Adpag (D07 anlAusa
+yomre ale“NdJ)

+ 30y Adpg s (322 anlusg
+ Z?izlil aleUNqJ)

Din=5""" Dpps=— [ (2;111 R (Ai%l“ +Ai2Lq7l> )dt

dt

In (17), S1,n,; is the stored energy of the /th type A branch;
Whline, 1s the interaction energy between the /th type A branch
and the nodes itis connected with; D g, ; is the dissipation energy
generated by the resistance of the /th type A branch.

4) The energy functions of my type B branches are

SLg = ngine + DRg + Eg (18)
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where
__\"mit+mz _ 1 mi+ma -2
SLg _Zz:ml-gl SL!]’Z ) Zz:ml—i-l LngAzgd,z
FLg, Ay,
— m1+mz
ngine - Zz:ml+1 ngine,z

Z?:l;?fl Aiga,. (22‘21 iz Auga,
+3g ajzAUNd,j)
+ ZT:I;T—&?I Aigg. (D212 ai-Augg,i
Y 0 Aung )
DRQ = Zrznzljzznfl DRg,z
mi1+m . .
== f (Zz:lmlfl RZ (Azid’z + AZ?I’I@)) dt
mi1+m

EQ = Zz:lml-‘fl 9,7
=-J (ZT;:@Tﬁ (Aigq - Augq + AigmzAugq)) dt

In (18), Srg, is the stored energy of the zth type B branch;
Wiline, - 1s the interaction energy between the zth type B branch
and the nodes itis connected with; D g, . is the dissipation energy
generated by the resistance of the zth type B branch; £, , is the
energy injected from external grid to the zth type B branch.

Follow Step 3, by adding up the energy functions of dif-
ferent types of nodes and branches shown in (15) to (18),

the total energy function of the multiconverters system is
obtained

dt

SCS + SNS + SLn + SLg
- Econv + Eg + (DRn + DRg)

+ (Wse + Wie + Whtine + Wiine) - (19)

Since Wg.+Wne+Wiline+Wiine = 0, (19) is equal to

SCS + SNs + SLn + SLg = Econv + Eg + DRn + DRg-

S

(20)

And (20) is the expression of the energy network model. In

order to verify whether (20) satisfies the energy conservation
condition or not, define V as

V:(SCs+SNs+SLn+SLg)_(Econv+Eg+DRn+DRg) .
(21)

Follow Step 4, the partial derivative of Vin (21) with respect
to time 7 is calculated [29] and [30]
a8 C's dAu Sq,i )

. - 8505 dAuSd i
V= : :
; (aAuW dt | 9Dus,,  dt

ni+nz
6SN5 dAuNdJ
+ Z <8AuNd7j dt

j=ni1+1
851\15 dA’U,Nq’j
8Aqu7j dt

o [ 0Spn  dAipg;  0Spn  dAipg,
+§<amw i

OAiq dt
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. mi”? 01y  dBiga:  OSpy  dDig.
L 0. dt ONigy.  dt
- d(Econv+Eg+DRn+DRg) —0. (22)

dt

In (22), it can be derived that the partial derivative of V with
respect to ¢ is 0, and the detailed process is shown in Appendix
B. Thus, the energy network model in (20) satisfies the energy
conservation condition [29] and [30], which is used for the
analytical damping contribution assessment method design in
next section.

IV. ANALYTICAL DAMPING CONTRIBUTION ASSESSMENT
METHOD OF MULTICONVERTERS SYSTEM

A. Theory Basis of the Proposed Method

In this section, the theory basis of the proposed method, i.e.,
the relationship between real part of eigenvalues and dynamic
energies, is derived based on the energy network model in (20).

According to [28] and [29], when the multiconverters system
is disturbed, causing SSO with mode a+jw,, the corresponding
oscillation components in the voltages and currents of the system
can be unified in the general form as

AIE“‘ = A_nm‘eat cos(wct + Hm) (23)
where A,; is amplitude of the oscillation component, 6, is
phase of the oscillation components, o and w, are the real and
imaginary part of eigenvalue of SSO mode, respectively.

In (23), if <0, the oscillation amplitude attenuates to 0, and
the system is stable and vice versa. Hence, « reflects the stability
level of SSO in the multiconverters system. And by deriving the
analytical relation between « in (23) and the dynamic energy
injected by each converter in (20), the analytical relationship
between each converter and the stability level of SSO in multi-
converters system can be derived.

First, according to [29] and [30], express the oscillation com-
ponents in the voltage and current of system as the form of (23)
and substitute them into (20). Then, calculate the derivatives
of results with respect to ¢, where the periodic and aperiodic
components are separated. Finally, the periodic components
containing the product of exponential function and trigonometric
function K,.e*'cos(w.t+0,.) are eliminated, and the aperiodic
components containing the exponential function Kq.e*' alone
are preserved (K., K4 is constant item, and 6,. is phase of
trigonometric function).

According to the abovementioned steps, (24) can be derived.

Sdc = Econv_dc + DRn_dc + DRg_dC 24)
where Sae, Feony _de, and Dry, e + D Rg_dc are the aperiodic
components of the derivatives of the stored energy, the dynamic
energy, and the dissipation energy, respectively. And due to
stiff external grid, the corresponding oscillation component in
voltage is zero, causing aperiodic component of the derivative
of E, in (20) being zero, thus, does not exist in (24).
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The above-mentioned aperiodic components reflect the
change trend of the energy with time [29] and [30]. And (24) is
expanded in detail shown in (25)—(27).

1) The aperiodic component of the derivative of the stored

energy is
ni
; <(AuSd i + AuSq z))
= nlinz Cn i A2 A2
S S (s + )
§ = gelat j=mtl N N
dc mi Loy 5
‘*‘121 ((AzLdl +AiLq,l))
77l1+m2 I 5 5
g z
+ Z:%+1 ((Azgd z + Azgq z))
= e ., (25)

where wy is the coefficient in the aperiodic component of the
derivative of the stored energy. A;rq 1, Airg, and Ajgq 2, Aigq,~
are the amplitudes of the oscillation components of d-axis and
g-axis currents on the type A and B branches, respectively;
Ausd,i» Ausqi and Ayngj Aung,; are the amplitudes of the
oscillation components of d-axis and g-axis voltages at the
type A and B nodes, respectively. Since wy is always positive,
if a>0, the stored energy will increase with time and vice
versa.

2) The aperiodic component of the derivative of the dynamic

energy injected by converter is

Econv_dc

(AuSd zAzSd 7 COS(euSd 7 eiSdﬂ’) )
2at Z +AuSq 1414Sq,i COS(HuSq i 9i5q7i)
2

ni

at
: E WE,i
=1

where wg_; is the coefficient in the aperiodic components of
the derivative of the dynamic energy injected by the ith converter.
Aisd,i» Aisg,s and 054 4, 0is54,; are the amplitudes and phases of
the oscillation components of d-axis and g-axis currents injected
by the ith converter, respectively. 8,54, ; and 6,5, ; are the phases
of the oscillation components of d-axis and g-axis voltages at
type A node, respectively.

The sign of wg ; indicates the change trend of dynamic
energy, i.e., if wg ;>0, the dynamic energy will increase with
time. The absolute value of wg ; indicates the change rate of
dynamic energy, i.e., the larger wg ;, the faster the dynamic
energy change.

3) The aperiodic component of the derivative of the dissipa-

tion energy is

(26)

D Rn_dc +D Rg_dc

m Ry (A?Ldl +A12Lq,l>

_ _62atz ’2

=1
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mitme R (Azgd P + Angq, )

_62at
2
z=m1+1
mi+ma
Zwm+ > wp.| @D
z=m1+1

where wp ; and wp , are the coefficients in the aperiodic
components of the derivatives of the dissipation energy of type
A and type B branches. Since wp ; and wp ., are constantly
positive, the dissipation energy keeps decreasing with time.

By applying (25)—(27) into (24), the analytical relationship
between «v in (23) and the aperiodic component of the derivative
of the dynamic energy for ith converter wg ; can be obtained

ni mi+ma
S wg Z wpr+ Y., Wp:
i= +1
a=5— - - (28)
W, W,

where the real-part of SSO eigenvalue in multiconverters system
a can be assessed by the sum of the coefficient in aperiodic
components of the derivative of the dynamic energies injected
by converters (wg, ;) and dissipation energy of network (wp ;
and wp ).

And (28) reveals that the system damping [i.e., o in (28)]
is shaped by the energy consumption [e.g., — wp; /w, <0, —
wp, . Iws <0,and wg ; /ws <0 in (28)] or negative consumption
[e.g., wg, i /ws >0 in (28)] induced by different converters and
network, which is the physic meaning behind (28) and analyzed
as follows.

According to the Lyapunov’s second principle [8], [27], [29],
when the physic system is in a steady state, the operating point
is x = x¢, and the corresponding stored energy is S(xp). When
the system is disturbed, the operating point is x = xo+Ax,
and the corresponding stored energy is S(xg)+S(Ax). After the
disturbance disappears, if S(Ax) decreases to 0, Ax decreases
to 0, and then x returns to the original state x (i.e., the system is
stable). Conversely, if S(Ax) increases, it causes Ax to increase,
then x deviates from the original state xo (i.e., the system is
unstable). In sum, the more the stored energy in the physic
system, the farther the system operating point x deviates from
the equilibrium point x, and vice versa.

The energy conservation condition as in (24) shows that the
stored energy is equal to the sum of the dynamic energy and the
dissipation energy. According to (24), when the dynamic energy
injected by ith converter decreases over time [i.e., wg, ; /wg
<0 in (28) where wy is always positive], the stored energy is
consumed (i.e., tends to decrease over time), which helps us to
make x returns to xo, and vice versa. And due to —-wp ; /w, and
—wp,, Iws in (28) are always negative, the dissipation energy
always decreases over time causing the stored energy to be
consumed, which helps us to make x returns to xo. Therefore,
it can be seen that the dynamic energies injected by different
converters and dissipation energy induced by network produce
damping effect. And they jointly shape the system damping, i.e.,
the real part of the eigenvalue « in (28).
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B. Analytical Damping Contribution Assessment Method

Based on the form of the sum of wg ; in (28), an analytical
damping contribution assessment method is proposed, where
how (positively or negatively) and to which degree each con-
verter in multiconverters system changes the system stability
level can be explicitly revealed, as illustrated in Fig. 3. The major
steps of the proposed method are summarized.

Step 1: Collect the amplitude and phase of the oscillation com-
ponents in the voltage and current at each converter terminal
port, and apply the collected data into (28).

Step 2: By calculating the sign of wg_;, how each converter in
the multiconverters system affects the stability can be revealed
according to (28). If wg ;>0 (dynamic energy with increasing
trend), converter i makes against for stability because it makes
« increase. Conversely, if wg ;<0 (dynamic energy with
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Step 3: By calculating the absolute value of w ;, to which degree
that ith converter changes stability level can be quantified
according to (28). For example, for two different converter
i and j, if wg,;>0, wg;>0, and wg, is larger than wg ;
(dynamic energy of converter i has a faster change rate), the
converter i deteriorates stability with a higher degree than
converter j because it contributes much more to the increasing
extent of a. And the differences of degree between converter

Fig. 11.  HIL test result of scenario 1.

—WE,j.

i and j deteriorate stability can be quantified as Awg ;; =wg ;

In addition, if all terms, i.e., Wg 4, Wp,1;, Wp,,, and w, in
(28), are calculated, the whole system stability level a can
be quantified. If « is negative but close to 0, it indicates that



WANG et al.: ANALYTICAL DAMPING CONTRIBUTION ASSESSMENT METHOD OF MULTICONVERTERS SYSTEM

unstable oscillation
converges faster after

dynamic energy eliminated Change of active

power input

TNt

AVW"' )

Jo =5Hz/ div

Is / div

Fig. 12. HIL test result of scenario 2.

unstable oscillation
converges more faster after
dynamic energy eliminated

!

Al
£y =SHz/div ¥ v

Change of active
power input

1s / div

Fig. 13. HIL test result of scenario 3.

unstable oscillation
diverges more rapidly
after dynamic energy

= il
i

s / div

HIL test result of scenario 4.

B . 250A W\MW}WM‘
v

™ -200A "
e il
[Yy 1504 YTy 1Ty
i MWWL’V, i
150A »
WY

B | Perioat | Perioaz | Perioa3

(a)

Fig. 14.

Inverter 1

Recitifer 1

Inverter 2

Tnverter 3

Period 4 |

o

il

Period §

B 250A Inverter 1

—200A Reeitifer 1

15 frverter2

WV\NW\NW 150A
A

Peri
od 2

W e
¥ f Y ]

s

| Period 7

Inverter 3

)

Period 4 Period 6

| Period 3 | Period 5 |

(b)

Fig. 15. Experimental waveform (0.5 s/div) of d-axis current of converters
during the whole process of oscillation occurrence and development. (a) Wave-
form from period 1 to period 5. (b) Waveform from period 2 to period 7.

13719
® 60 r Winv1/Ws Win2/Ws Win3/Ws Wieel/Ws
k=] Wiec2/Ws Wp/ws a
B a 40 |
8220
S &
=z L. et
g %1) 0 \/ —X\—,\/ \/‘

=]
L2 o
T 5 -20 T Period I Period2 Period3 Period4 Period 5 Period 6  Period 7
q:) 3 a=-72 a=45 a=-72 a=1.05 a=-72 a=39 a=-72
Sz-40T
- S
SE 6ot
g5 - R
]
> -80 I 1 I N N )
0 1 2 3 4 5 6
Time (s)
Fig. 16.  Online measured results of (28) during the whole oscillation process

(as shown in Fig. 15).

there is a limited stability margin. If « is negative but far from
0, it indicates a high stability margin. And if « is positive, it
indicates instability. And the expression of wg ;, wp 1, Wp, 2,
and w, is brief, which is, thus, readily for online use (see
Section IV-C latter). It means that how the system stability
level of SSO is shaped can be measured in real time. In the
future, the abovementioned results can support to provide the
system stability margin information and damping contribution
information online for the wide-area SSO damping control in
the multiconverters system, which helps us to promote system
stability from the perspective of global stability.

C. Practical Considerations

The computation of wg ;, wp i, Wp, -, and wy is discussed in
this section. It can be concluded from the following analysis that,
for computation of wg ;, Wp 1, wp, -, and w,, only the converter
terminal voltage/current and fixed parameters of the resistances,
inductances and capacitances in networks need to be considered.
And the detailed explanations are shown as follows.

For the coefficient in aperiodic components of the derivatives
of dynamic energy, i.e., wg, ; in (26), it can be calculated just
based on the terminal voltage and current of converter according
toits expression. Thus, w g ; can be measured when the converter
is black-box based.

For the coefficient in aperiodic components of the derivatives
of stored energy and dissipation energy, i.e., w, in (25) and wp
and wp_, in (27), they need the: 1) voltage of the internal nodes
of the network and current of the internal line of the network;
2) parameters of resistance, inductances, and capacitances in
networks.

However, the networks parameters are often fixed and open
for system operators, which is different from the converter that
its manufacturers disclose their control algorithms to system
operators. Thus, the calculations of stored energy and dissipation
energy do not face the problem of black-box models. And if the
terminal voltage of converter is obtained, the voltage and current
of the internal nodes and line of the network can be calculated
based on (6)—(8) indirectly. And the process is shown as follows.

Step 1: Equations (6)—(8) can form a linear state-space function.
In the function, the type A nodes voltage Ugq and Ug, (i.e.,
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terminal voltage of converter) are input variable. And the
voltage of the internal nodes of the network (i.e., type B nodes
voltage U g4 and U y,) and the current of the internal line of
the network (i.e., type A and type B branches current I',; and
I, 1,4andlI,) are output variable.

Step 2: On this basis, the voltage of the internal nodes of the
network and current of the internal line of the network can
be solved based on state-space function. And it should be
pointed that, the state-space function is fixed (parameter of
networks are often fixed) and linear, causing less computation
burden.

Thus, the stored energy and dissipation energy can also be
calculated just based on the terminal voltage of converter. In
sum, it can conclude that the energy functions can only be
calculated based on the terminal voltage/current of converter
and fixed network parameters.

Moreover, the feasibility of collecting amplitude and phase
of the oscillation components of terminal voltage/current of
converter in Step 1 of Fig. 3 need to be considered. Although
the amplitude and phase of the oscillation components are more
easily captured when the system is critically stable (o« = 0),
how to realize measurement when v # 0 is a popular research
topic recently and much progresses have been made [31]-[34].
These advanced signal analysis tools can be combined with the
stability analysis method proposed in this article.

Based on the latest multimodal signal analysis tool, i.e., mul-
tisynchrosqueezing transform (MSST) [35], the number of SSO
modes N along with the oscillatory frequencies f, corresponding
magnitude A, phase angle #, and damping factor « for each mode
can be determined as in [34]. And for the approach in [34],
the function iteration method in [35] is introduced to reduce
substantially the calculation time of the algorithm and ensure
that the approach has a good real-time performance. In addition,
as shown in the results in [34, Fig. 3], MSST has the smallest
Rényi entropy values under noisy conditions, and is expected
to have a strong resistance to noise. Thus, the MSST-based
SSO detection method is adopted. And it should be pointed
that other advanced signal analysis tools can also be combined
with the proposed theory in this article. And the processes of
MSST-based algorithm are summarized as follow, and more
detailed information can be found in [34].

Process 1: The collected signals of terminal voltage and current
of converter are processed by MSST. And the instantaneous
time-frequency representation of the signal is obtained.

Process 2: The mean-shift algorithm is applied to determine
number of oscillation modes. The frequency of each mode is
obtained using [34, eq. (13)].

Process 3: Each mode in the original signal can be reconstructed
as [34, eq. (15)]. On this basis, the SSO modal parameters,
including magnitude, phase angle, and damping factor, are
obtained by [34, eq. (17)].

In this study, the update rate of data is 10 ms per cycle. And
the algorithm is coded in MATLAB platform on a PC (with 16
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GB RAM and 3.2GHz intel Core CPU) and generally takes less
than 10 ms to obtain results.

D. Discussions on the Benefits of the Proposed Method

The benefits of the proposed method compared with other
sensitivity-based small-signal stability analysis methods pro-
posed recently [19]-[22] are discussed in this section.

1) Benefit 1: The approaches [19]-[21] still rely on known
transfer functions or estimated poles and residues, which make it
hard to analyze large-scale systems with only black-box models.
Although the method in [22] fills this gap, it relies only on
the magnitudes of frequency domain participation factor, which
is hard to reveal how (positively or negatively) each converter
changes system stability level.

Compared with the approaches [19]-[22], the energy function
in this article can be calculated just based on the terminal volt-
age/current of converter, which needs not the analytical model of
converter. Thus, it is convenient to be applied to the large-scale
multiconverters system where converter is black-box based. And
an analytical relationship between the real-part of eigenvalue of
SSO mode and the aperiodic components of the derivative of
dynamic energies injected by each converter is established as
in (28). On this basis, it can explicitly reveal how (positively or
negatively) and to which degree each converter in the multicon-
verters system changes the whole system stability level.

2) Benefit 2: The methods in [19]-[22] are based on the
state-space matrix model or transfer function model, whose
expressions rely on the steady-state operating point of system
and converter parameters. Since the steady-state operating point
and converter parameters can often vary over a large range as
system condition changing, methods in [19]-[22] need to update
the expressions of models iteratively to recheck stability analysis
results. This process is complex and time-consuming especially
when a large number of converters is considered, which is, thus,
inconvenient for online application.

Compared with [19]-[22], the energy functions in the pro-
posed method can be calculated without knowing the steady-
state operating point and converter parameters. The reason is
that the expressions of energy functions are the implicit function
of the steady-state operating point and converter parameters,
e.g., dynamic energy, i.e., Econy,; in (15), stored energy, i.e.,
Scs,i in (15), Sys,; in (16), Srp in (17), and Sz, . in (18),
and dissipation energy, i.e., Dg,; in (17) and Dpg, . in (18).
Only the converter terminal voltage/current data collected from
the existing oscillations in the system and the fixed networks
parameters need to be considered for calculation. So, the iterative
updating of expressions of energy functions is not required in
the proposed stability analysis method. And online calculation is
more convenient to realize. On this basis, the variation trajectory
of system damping level and converter damping contribution
can be monitored continuously based on the collected data from
the existing oscillations in the system during the whole process
of oscillation occurrence and development. And the monitoring
results can further support the wide-area oscillation damping
control conveniently.
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V. HARDWARE-IN-LOOP (HIL) TESTS
A. Test Platform

HIL tests are conducted to verify the effectiveness of the
proposed method. The HIL platform consists of RTLAB, and
three CPU controllers-based on PXI protocol, as shown in Fig. 4.

1) Description of Test System A: As shown in Fig. 5, a
multiconverters system for test is built, where four inverters are
integrated into the voltage-source converter-based high-voltage
direct current transmission system (VSC-HVDC). In Fig. 5, the
inverter 1 and 3 both apply the V4.-QO control strategy, as shown
in Fig. 21 of Appendix C, the inverters 2 and 4 both apply the
Vac-AVC control strategy shown in Fig. 22 of Appendix C, the
rectifier of VSC-HVDC applies the vf control strategy, as shown
in Fig. 23 of Appendix C. The control algorithms of inverter 1
to 4 operate in the CPU controller 1 to 2, and the primary circuit
operate in RTLAB. The parameters used are listed in Appendix
C-B.

2) Description of Test System B: As shown in Fig. 6, another
multiconverter system for test is built, where three inverters
simulate the generators (e.g., Type-4 wind or solar) and two
rectifiers simulate the load, and they all connect to grid through
inductive line. The circuit topology and controller diagram of
converter are shown in Fig. 24 of Appendix C. And the parame-
ters used are listed in Appendix C-C. The control algorithms of
inverters and rectifiers operate in the CPU controller 1 to 3 that
each CPU controller can generator two pulsewidth modulation
waves to control two converters, and the primary circuit of power
networks and converter operate in RTLAB.

B. Correctness Verification of Energy Network Model

The correctness verification of energy network model con-
ducts on the test System A. First, tuning the parameters of ac
voltage outer loop of inverter 2 and 4 as following 3 cases, where
the basic parameters are shown in Appendix C-B.

1) Case 1: Tune kp, and k;q. to —1.1 and —11, respectively.
2) Case 2: Tune kj, and k;,. to —1.18 and —11.8, respectively.
3) Case 3: Tune k.. and k;q. to —1.32 and —13.2, respectively.

Then, by making a step in active power input of inverter
1, three oscillation cases are excited, i.e., converging oscil-
lation (Case 1), constant-amplitude oscillation (Case 2) and
diverging oscillation (Case 3), as shown in Fig. 7. And the
variation of phase lock loop (PLL) frequency f,,i1 of inverter 1 is
recorded.

The oscillation components of voltage and current are ex-
tracted from the waveforms and applied to the expressions of
Econv,i» Drn, and Dpg, so that the following can be calcu-
lated: 1) The trajectories changing with time of the dynamic
energy injected by each inverters (Econy,i» | = 12,...4) and
rectifier in VSC-HVDC (E¢onv,5); 2) The trajectory changing
with time of the total energy Zle Eeonv,i + Drp + Dpgy. The
calculation results for cases 1-3 are shown in Figs. 8-10,
respectively.
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TABLE I
CHANGE TREND OF THE DYNAMIC ENERGY INJECTED FROM CONVERTERS

Case Inverter]  Inverter2  Inverter 3  Inverter 4 HVdc
Case 1 1 kN T T U
Case 2 1 1 T T N
Case 3 T T T T 1

TABLE II

CHANGE RATE OF THE DYNAMIC ENERGY INJECTED FROM CONVERTERS

Case Inverterl Inverter 2 Inverter 3 Inverter 4
Case 1 1.63x10* 3.23x10* 1.49x10* 3.26x10*
Case 2 8.68x10*  16.1x10™* 8.53x10* 17x10*
Case 3 3.24x102  8.24x107? 3.26x102 8.53x102

As can be seen from Figs. 810, the change trends
of the total energy Zle Eeconv,i + Dgn + DRy (increas-
ing/decrease/keeping constant) are consistent with the time-
domain results of diverging /converging/constant-amplitude os-
cillation, respectively, shown in Fig. 7. The abovementioned
results demonstrate that the change trend of total energy can
accurately determine if the system is stable, which verifies
the correctness of the proposed energy network model in (20)
and the analytical relationship between energy and real part of
eigenvalue of SSO in (28).

C. Effectiveness Verification of the Analytical Damping
Contribution Assessment Method

From experimental results in Figs. 8—10, the change trend and
rate of dynamic energy injected by each inverter and rectifier in
Fig. 5 are calculated, respectively. And the damping contribution
assessment results are obtained, where the results of how (posi-
tively or negatively) each converter affects on stability are shown
in Table I, and the results of to which degree each converter
changes the stability level are shown in Table II.

From Table I, in three oscillation cases, the dynamic energy
injected by inverters 1-4 all increase with time, and the dy-
namic energy injected by HVdc decreases with time. Hence, all
inverters make against the stability, while the HVdc improves
the stability. In addition, it can be seen from Table II that,
the change rates of the dynamic energy injected by inverters
applying different control strategies are obviously different. The
change rates of the dynamic energy injected by inverters 2 and 4,
which apply the V4.-AVC control strategy, are higher than those
of inverters 1 and 3, which apply the V4.-Q control strategy. So,
according to (28), inverters 2 and 4 deteriorate the stability level
with a larger degree than inverters 1 and 3.

Based on the damping contribution assessment results men-
tioned above, we can make the following three predictions.

Prediction 1: Inverters 2 and 4 have a greater deterioration
effect on the stability than inverters 1 and 3. Therefore, if
the dynamic energies of inverters 2 and 4 are eliminated, the
oscillation should converge faster compared with inverters 1
and 3 whose dynamic energies are eliminated.
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Prediction 2: All inverters make against the stability. If the dy-
namic energies of all inverters are eliminated, the oscillation
should converge faster than all scenarios in prediction 1.

Prediction 3: Therectifier of VSC-HVDC plays arole in improv-
ing the stability. Therefore, eliminating its dynamic energy,
which wrongly removes the dynamic energy that is conducive
to stability, should lead a further deterioration of damping.

Through experiment to verify whether the abovementioned
predictions are correct, the effectiveness of the damping contri-
bution assessment method can be verified. And a method that
can eliminate dynamic energy by injecting additional subsyn-
chronous oscillation current (ASOC) at the converter port (see
Appendix D for detailed process [36]) is adopted in the experi-
ment. And four scenarios in the following are set in experiment.

Scenario 1: The dynamic energies injected from inverters 1 and
3 are eliminated.

Scenario 2: The dynamic energies injected from inverters 2 and
4 are eliminated.

Scenario 3: The dynamic energies injected from all inverters are
eliminated.

Scenario 4: The dynamic energy injected from the rectifier of
VSC-HVDC is eliminated.

1) Test the prediction 1: The experimental results are shown
in Figs. 11 and 12 (the parameters of Case 3 in Fig. 7 are used).
From Figs. 11 and 12, the oscillation in scenario 2 disappears
more rapidly compared with the results in scenario 1. And the
step of active power input makes less obvious oscillations in
scenario 2 compared with scenario 1. Those experimental results
indicate a larger stability margin in scenario 2, which agree with
prediction 1.

2) Test the prediction 2: The experimental result is shown in
Fig. 13. Compared between Figs. 13 and 11-12, the attenuation
speed of the oscillation in scenario 3 is significantly faster than
that in scenario 1 and scenario 2. And the step of active power
input hardly makes oscillations in scenario 3 compared with
scenario 1 and scenario 2. Those experimental results indicate
a higher stability level in scenario 3, which agree with the
prediction 2.

3) Test the prediction 3: The experimental result is shown
in Fig. 14. After the dynamic energy injected from the rectifier
of VSC-HVDC being eliminated, the oscillation diverges more
rapidly in scenario 4. The experimental result indicates deterio-
ration of damping in scenario 4 compared with scenario 1 to 3,
which agrees with the prediction 3.

In sum, the experiment results from Figs. 11-14 show that,
eliminate the converters’ rapidly increasing dynamic energy, the
unstable oscillation converges rapidly, and eliminate the convert-
ers’ dynamic energy with slow increasing trend, the unstable
oscillation converges but slowly, and eliminate the converters’
dynamic energy with decreasing trend, the unstable oscillation
diverges more rapidly. These experiment results agree with the
predictions and demonstrate the correctness of the damping
contribution assessment results in Tables I and II. And it can
conclude that the proposed method is able to accurately assess
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the damping contribution of each converter in the multiconvert-
ers system.

D. Comparison Verification Between the Proposed Method
and Other Methods

1) Results of Experimental Waveform: The comparisons be-
tween the proposed method and other methods are conducted
based on the following four cases in experiments (on the test
System B). It not only aims to further verify the correctness of
the proposed method but also verify the benefits (discussed in
Section IV-D).

1) Case A: The base case, and the parameters used are listed

in Appendix C-C.

2) Case B: The proportional gain of current loop PI controller
of inverters 1-3 decrease to 0.7 times based on Case A.

3) Case C: the proportional gain of current loop PI controller
of inverter 3 decreases to 0.45 times based on Case A.

4) Case D: The proportional gain of current loop PI controller
of inverter 2 decreases to 0.45 times based on Case A.

The experimental waveform is presented in Fig. 15, which
shows the whole process of oscillation occurrence and devel-
opment under the switching among abovementioned four cases.
The whole oscillation process in Fig. 15 can be divided into the
following seven periods.

1) Period 1: Before the triggering of parameter changing, i.e.,
Case A, step the 4,0 of inverter 1, inverter 2, and inverter
310200 A, 100 A, and 100 A, respectively. The system is
with positive damping. This period lasted for 0.7 s.

2) Period 2: After the triggering of parameter changing, i.e.,
Case B, the system is instability, and the oscillation is
amplified quickly. This period lasted for 0.7s.

3) Period 3: After the triggering of parameter changing, i.e.,
Case A, the system returns to positive damping. This
period lasted for 0.7 s.

4) Period 4: After the triggering of parameter changing, i.e.,
Case C, the system is with weak negative damping and the
oscillation is amplified slowly, which lasted for 1.5 s.

5) Period 5: After the triggering of parameter changing, i.e.,
Case A, the system returns to positive damping. This
period lasted for 0.7 s.

6) Period 6: After the triggering of parameter changing, i.e.,
Case D, the system is instability, and the oscillation is
amplified quickly. This period lasted for 1.2 s.

7) Period 7: After the triggering of parameter changing, i.e.,
Case A, the system returns to positive damping.

Fig. 16 provides the online measured results of (28) during
the whole oscillation process (see Fig. 15). The winy1, Winve,
Winv3, Wrecl, ad Wyeco are the measured coefficient in aperiodic
components of the derivatives of dynamic energy for inverter
1, inverter 2, inverter 3, rectifier 1, and rectifier 2, respec-
tively. wg and wp are the measured coefficient in aperiodic
components of the derivatives of stored energy and dissipation
energy, respectively. The measured real part of eigenvalue o =
(Winvl FWinva+ Winva+ Wrec1+ Wrec2+ WD)/ ws, whose varia-
tion trajectory represents the system damping level during the
whole oscillation process. The variation trajectory of wiyy1/ws,



WANG et al.: ANALYTICAL DAMPING CONTRIBUTION ASSESSMENT METHOD OF MULTICONVERTERS SYSTEM

Winva/Ws, Winys/Ws, Wrec1/Ws, and wyeco/w indicate the damping
contribution of inverter 1, inverter 2, inverter 3, rectifier 1, and
rectifier 2 during the whole oscillation process, respectively.
For the results in Fig. 16, only the terminal voltage/current of
converter and fixed networks parameters need to be considered
for calculation.

2) Analysis of Measured System Damping Level: In Fig. 16,
the measured « (after transient process) is less than 0 in Period 1,
Period 3, Period 5, and Period 7, which indicates that the system
is with positive damping. And the measured « is greater than
0 in Period 2 and Period 6, which indicates that the system is
instability. And the measured « is greater than 0 in Period 4 but its
value is close to 0, which indicates that the system is with weak
negative damping. The abovementioned results obtained by the
measured o agree with experimental waveforms (converges or
being amplified) in the corresponding period of Fig. 15.

In sum, the comparison results demonstrate that, the proposed
method can continuously and accurately monitor the variation
trajectory of system damping level based on the collected data
from the existing oscillations in the system during the whole
process of oscillation occurrence and development.

3) Analysis of Measured Converter Damping Contribution:
In all periods of Fig. 16, the measured value (after transient
process) of Winyi, Winve, and wiyy3 are much larger than wyecq
and wyeco. It indicates that the inverters have a greater negative
damping contribution than rectifiers. This result agrees with the
offline small-signal analysis result, i.e., interaction between PLL
and current loop has a negative damping impact on SSO mainly
in the inverter mode rather than rectifier mode (see [37, Fig. 7]).

In period 2, period 4, and period 6 of Fig. 16, it observes
that Winy1, Winve, and w3 vary as the corresponding inverter
parameter changing (i.e., inverter 1, inverter 2 and inverter 3),
which is illustrated as follows.

1) In period 2, after the triggering of parameter changing of
all inverters, i.e., Case B, the measured value of wi,y1,
Winv2, and winy3 all increase. And winy1> Winva > Winv3
in this period, where inverter 1 provides the maximum
negative damping and inverter 3 provides the minimum
negative damping.

2) In period 4, after the triggering of parameter changing
of inverter 3, i.e., Case C, wi,ys increases mostly. And
Winvl>> Winv3> Winye in this period, where the negative
damping contribution of inverter 3 exceeds inverter 2.

3) In period 6, after the triggering of parameter changing
of inverter 2, i.e., Case D, wj,yo increases mostly. And
Winv2>> Winv1> Winys in this period, where the negative
damping contribution of inverter 2 exceeds inverter 1.

The abovementioned observed results indicate that decreasing
the proportional gain of current loop PI controller enlarges
the negative damping contribution of inverter. This conclusion
agrees with the offline small signal analysis results, i.e., the SSO
can keep stable by increasing the proportional gain of the current
controller (see [38, Fig. 10]).

And the aforementioned observed results in Fig. 16 also show
that, relatively speaking, wi,,1 is always the large one among
Winvl, Winve and winys, and wiyys is always the small one.
From the location of inverter in Fig. 6, inverter 1 is the farthest
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TABLE III
DAMPING CONTRIBUTION ASSESSMENT RESULTS THROUGH METHOD IN [21]

Case Inverterl Inverter 2 Inverter 3 Rectifier I  Rectifier 2
Period 2 0.77 0.49 0.16 0.05 0.03
Period 4 0.61 0.28 0.39 0.06 0.05
Period 6 0.59 0.67 0.15 0.08 0.06

from the grid, inverter 3 is the closest, and inverter 2 is in the
center. The abovementioned results indicate that the farther the
inverter is from the grid, the more negative damping contribution
provided. This conclusion agrees with the offline small signal
analysis results, i.e., long-distance transmission line leads to the
deterioration of the dynamic characteristics of the PLL, resulting
in the enhanced interaction with current loop and lower stability
level (see [39, Fig. 8]).

Moreover, in order to further verify the correctness of the
damping contribution results in Fig. 16, the sensitivity-based
method [21] (layer 2) is applied to analyze system stability
in period 2, period 4, and period 6. The results are shown in
Table III, where the numerical values indicate the damping
contribution of inverter 1, inverter 2, inverter 3, rectifier 1, and
rectifier 2, respectively. It shows that the results obtained by [21]
in the corresponding periods are consistent with the results in
Fig. 16 of this article, e.g.,

i) in period 2, inverter 1 contributes the largest negative
damping;

ii) in period 4, the negative damping contribution of inverter
3 enhances over inverter 2;

iii) in period 6, inverter 2 contributes the largest negative
damping, where the negative damping contribution of
inverter 1 is slightly smaller than inverter 2.

Based on those results, the correctness of the proposed method

is further verified.

In sum, the abovementioned comparison results demonstrate
that, the proposed method can continuously and accurately
monitor the variation trajectory of damping contribution of
each converter based on the collected data from the existing
oscillations in the system during the whole process of oscillation
occurrence and development.

4) Verification of Benefit of the Proposed Method: The meth-
ods in [21] are based on transfer function model, whose ex-
pressions rely on the steady-state operating point of system and
converter parameters. Since the steady-state operating point and
converter parameters can often vary over a large range during
the whole process of oscillation occurrence and development
as in Fig. 15, Zhu et al. [21] need to update transfer function
model of converters system iteratively to recheck the stability
results. And other small signal analysis methods [19]-[20], [22],
[37]1-[39] also need such iteration. Although the final result in
Table III is the same as the result in Fig. 16 of this article,
this iteration process is complex and time-consuming especially
when a large number of converters is considered. So, the online
use of those methods to continuously monitor the variation of
damping contribution is inconvenient.

As for the proposed method, according to Fig. 16, the follow-
ing can be found.
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TABLE IV
COMPREHENSIVE COMPARISON WITH EXISTING METHODS

Method EFM SP/IM IPFM ENM
Ref. [6-9] [10-13]  [19-20] [21] [22] _ This article
Req 1. x v v v N N
Req 2. X v X v X v
Req 3. X X J v v v
Req 4. X v X X v v
Req 5. X X X X X v

EFM: Energy flow method. SP/IM: Subsynchronous power method and the subsyn-
chronous impedance method. IPFM: Improved participation factor method. ENM:
Energy network model based analytical damping contribution assessment method. Ref:
Reference.

1) The iterative updating of expressions of energy functions
is not required in the stability analysis. Even if the oper-
ating point or converter parameter varies over large range
during the whole process of oscillation occurrence and
development as shown in Fig. 15, the proposed method can
continuously monitor the variation trajectory of damping
contribution of each converter based on the collected data
from the existing oscillations in the system.

2) In addition, only the converter terminal voltage/current
data collected from the existing oscillations in the system
and the fixed networks parameters need to be considered
for calculation in Fig. 16. And it does not have to know
the analytical models of converters (black-box model is
feasible).

E. Summary

In sum, based on the theoretical analysis in second paragraph
of Section I, Section II-C, Section IV-D and experimental ver-
ifications in Section V-B, Section V-C, Section V-D, and Ap-
pendix A, the comprehensive comparisons between the proposed
method and existing methods [6]-[13], [19]-[22] are conducted.
The following five requirements (i.e., Reql to Req 5), which are
used to evaluate the performance of the damping contribution
assessment method, are adopted for comparison.

Req 1: Suitable for the study of SSO.

Req 2: Suitable to reveal how (positively or negatively) each
converter in multiconverters system changes the stability level
of SSO.

Req 3: Suitable to reveal to which degree each converter in
multiconverters system changes the stability level of SSO.
Req 4: Suitable for a large number of converters with black box

model being considered.

Req 5: Suitable to continuously monitor the variation trajectory
of damping contribution of each converter to SSO in real time.

And the comparison results are summarized in Table IV,
where the abbreviations used are explained and listed in the
following Table.

Since the EFM cannot satisfy the premise (i.e., Req 1) ac-
cording to Section II-C and Appendix A, the Req 2 to Req 5 are
also unsatisfied in Table IV. As for SP/IM and IPFM, it can be
seen that both of SP/IM and IPFM fail to satisfy the Req 2, Req
3, and Req 4 simultaneously. The detailed reason is illustrated
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through lines 23 to 30 of the second paragraph in Section I and
analysis in Section IV-D. And due to Req 3 is not satisfied for
SP/IM and transfer function model updating process is needed
for IPFM (illustrating in Section IV-D and in Section V-D.4),
both of them cannot satisfy Req 5.
In contrast, those problems can be solved by the proposed
method (ENM) that all the requirements in Table I'V are satisfied
simultaneously. And the satisfactions of all the requirements
have been verified through experiment one by one, which is
summarized as follows.
1) The satisfaction of Req 1 is verified by experimental
results in Figs. 8, 9, 10, 16, and Fig. 20.

2) The satisfactions of Req 2 and Req 3 are verified by
experimental results in Tables I, II, and Fig. 16.

3) The satisfactions of Req 4 and Req 5 are verified by
experimental results in Fig. 16.

Thus, compared with the existing methods [6]-[13], [19]-
[22], the proposed method gives more comprehensive perfor-
mance in assessing damping contribution of each converter to
SSO in multiconverters system.

VI. CONCLUSION

An analytical damping contribution assessment method is

proposed, and the following conclusions are reached.

1) An energy network model satisfying energy conserva-
tion is proposed. Different from the traditional energy
function method, it is suitable for the study of SSO in
multiconverters-based power system.

2) A theory proof is presented that that the real-part of eigen-
value of SSO mode in multiconverters system is equal to
the sum of the coefficient in the aperiodic components of
the derivative of dynamic energies injected by each con-
verter and dissipation energy of network, which illustrates
analytically that how the SSO stability level is shaped. So,
how (positively or negatively) and to which degree each
converter in multiconverters system changes the system
stability level can be revealed. Moreover, the expression of
dynamic energy is brief, which is, thus, readily for online
use, and it is also universal for converters with different
control strategies.

3) The theory proof and proposed method can support to
provide the stability margin information online for the
wide-area SSO damping control of the multiconverters
system in the future, which helps us to promote the system
stability level from the perspective of global stability.

APPENDIX A

The experimental studies are further used to verify the con-
clusions in Section II-C. In the experiment, a grid-tied converter
as shown in Fig. 17 is used, where the resistances in filter and
equivalent grid impedance set both zero. Thus, the converter is
the only device in the whole system that can provide damping
and determines the system stability. And the basic parameters
used are shown in Table V.

Three SSO oscillation cases are excited, i.e., unstable oscil-
lation (by tuning k,, to 0.59 p.u.), constant-amplitude oscillation
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Fig. 17. Diagram of grid-tied converter.

TABLE V
PARAMETERS FOR GRID-SIDE CONVERTER

Symbol Quantity Value
Sy Rated capacity 2MW
U, Rated line voltage 0.69kV
L Inductance of filter 0.15 p.u.
C; Capacitance of filter 0.05 p.u.
L, Inductan(;::n glezzgxalent grid 0.5p.
ke, ki PI parameters of current loop 0.8429 p.u., 19.3 p.u.
kp pi, ki pit PI parameters of PLL 188.49 p.u., 3553 p.u.
n, T olos

l41,2]’[.2
NN

Soul0-25Hz / div]

20ms/ div

41Hz

ol
AAAAAAAAAAA
Fa1025tz/aw Y VYV VVVVVY

40ms / div

(b)

,39Hz |

AL

ANOA '
fal02stzrdiv - ¥ N/ \/

20ms / div

()

Fig. 18. Experimental waveform of f,1 under three oscillation cases.
(a) Stable oscillation. (b) Constant-amplitude oscillation. (c) Unstable oscil-
lation.

(by tuning k,, to 0.74 p.u.) and stable oscillation (by tuning k,, to
0.8 p.u.). The experimental waveforms of PLL frequency f;,1; are
shown in Fig. 18. And the oscillation frequencies in Fig. 18 are
much higher than the frequency in traditional electromechanical
oscillation [28].
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Fig. 19. Variation trajectory of conventional energy flow W;; under three
oscillation cases. (a) Stable oscillation. (b) Constant-amplitude oscillation.
(c) Unstable oscillation.
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Fig. 20. Variation trajectory of proposed dynamic energy Econv,; under
three oscillation cases. (a) Stable oscillation. (b) Constant-amplitude oscillation.
(c) Unstable oscillation.

The measured data of waveforms under the abovementioned
three cases are applied into (1) and (15), respectively. On this
basis, the variation trajectory of energy flow W;; and the dy-
namic energy Ecoyy,; injected by converter in Fig. 17 are both
calculated. And the results of the variation trajectory of energy
flow W;; and dynamic energy Econy,; are shown in Figs. 19 and
20, respectively.
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From Fig. 19(a)—(c), it can be seen that the energy flow
Wi, decreases with time (W;; <0) under all three oscillation
conditions. Even if the oscillation is unstable in Fig. 18(c),
the corresponding damping contribution assessment result in
Fig. 19(c) indicates that the converter produces positive damping
contribution. On this basis, the system should be stable since
only converter can provide damping in the whole system. How-
ever, such prediction of system stability is not consistent with the
experimental waveform in Fig. 18(c). It means that the energy
flow fails to assess the stability of SSO.

As for the dynamic energy proposed in this article, from
Fig. 20(a), the dynamic energy E.qny ; decreases with time [i.e.,
wg,;<0 in (28)]. It indicates that converter produces positive
damping contribution and the system should be stable. From
Fig. 20(b), the dynamic energy Ec,yy ; nearly neither increases
nor decreases with time [i.e., wg; = 0 in (28)]. It indicates
that converter produces nearly zero damping contribution and
system should be at critical stable point. From Fig. 20(c), the
dynamic energy Econy,; increases with time [i.e., wg ;>0 in
(28)]. It indicates that converter produces negative damping con-
tribution and system should be unstable. The above predictions
of system stability based on results in Fig. 20(a)—(c) agree with

TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 11, NOVEMBER 2022

the experimental waveforms in Fig. 18(a)—(c), respectively. It
means that the proposed dynamic energy can accurately assess
the stability of SSO.

In sum, it can conclude that the conventional energy flow
method may not be directly suitable for assessing the stability
of SSO and the proposed dynamic energy can fill this gap.
Since the SSO caused by converters needs to be valued with the
rapid development of power converter based renewable energy
system, the proposed method in this article is necessary.

APPENDIX B

The terms in (22) are expanded in detail and shown in
(B-1)—(B-3). By applying (B-1)—(B-3) shown at the bottom of
this page, into (22), it can be derived that the partial derivative
of V with respect to ¢ is 0

APPENDIX C

A. Control Block Diagram of Converters

This section presents the circuit and control block diagram of
converters using different control algorism. The block diagram
of converters using Vq.-Q mode shows in Fig. 21. The block
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Fig. 21.  Control block diagram of converters used V4.-Q mode.
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Fig. 23.  Control block diagram of converters used vf mode.

diagram of converters using V4.-AVC mode shows in Fig. 22.
The block diagram of converters using vf mode shows in Fig. 23.
The block diagram of converters used in test system B shows in
Fig. 24.

B. Parameter for Test System A

The basic parameters of V4.-Q control-based converter:

1) current inner loop: ky,. = 0.534, ki = 53.46;

2) DC voltage outer loop: kp,, = —1, ki, = —10;

3) reactive power outer loop: k,q = 0.001, k;q = 0.02;

4) phase-locked loop: kppn = 0.67, kipn = 38.2;

5) filter inductance and capacitance: Ly = 0.28 mH, C, =
333 uF.
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Fig. 24.  Control block diagram of converters used in test system B.

The basic parameters of V4.-AVC control-based converter:

1) current inner loop: k. = 0.534, k;. = 53.46;

2) dc voltage outer loop: kpqc = —1, kjge = —10;

3) ac voltage outer loop: kpac = —0.5, kjac = —5;

4) phase-locked loop: kj, ;11 = 0.67, k;pn = 38.2;

5) filter inductance and capacitance: Ly = 0.28 mH, C,; =
333 uF.

The basic parameters of vf control-based converter:

1) Current inner loop: kpc = 0.6, k;c = 29.7;

2) d-axis voltage outer loop: kpq = 3, k;q = 30;

3) g-axis voltage outer loop: k,; = 3, kg = 30;

4) Filter inductance and capacitance: Ly = 0.28 mH, Cs =
333 uF.

The parameters of lines

Ziine(1-5) Ziine(3-6) Ziine(2-10)  Zjine(4-10)
R 20e-4Q 40e-4Q) 40e-4Q) 20e-4Q
L 0.1lmH 0.08mH 0.05mH 0.07mH
The parameters of lines
Ziing(1-5) Ziine(3-6) Zin(2-10)  Ziin(4-10)
R 20e-4Q 40e-4Q 40e-4Q2 20e-4Q
L 0.1lmH 0.08mH 0.05mH 0.07mH

C. Parameter for Test System B

The basic parameters used for all converters are same as
follows:

1) current inner loop: kp. = 0.297, k;. = 40.5;

2) voltage feedforward: k,p = 1, T,y = 0.01;

3) phase-locked loop: ky,,n = 0.167, k;jpn = 9.55;

4) filter inductance and capacitance: Ly = 0.28 mH, C; =
100 pF.

The line between inverter 1 and node 1: 0.01 2+40.2 mH,
the line between inverter 2 and node 1: 0.01 240.0015 mH,
the line between inverter 3 and node 1: 0.01 Q-+0.05 mH,
the line between rectifier 1 and node 3: 0.01 Q+0.1 mH, the
line between rectifier 1 and node 4: 0.01 ©2+0.1 mH, the line
between rectifier 2 and node 3: 0 2+0.1 mH, the line between
node 1 and node 2: 0.01 2+40.2 mH, the line between node
2 and node 3: 0.01 Q+0.1 mH, the line between node 3 and
node 4: 0.01 Q+0.1 mH, the line between node 4 and grid:
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0.01 ©24-0.125 mH, capacitance at node 1 is 1000 pF, capaci-
tance at node 2 is 1000 uF, capacitance at node 3 is 2000 uF,
capacitance at node 4 is 2000 uF.

APPENDIX D

In order to inject additional ASOC at the converter port, first,
an additional power electronic device is connected in parallel at
the converter port (the principle is similar to GTSDC that gen-
erates subsynchronous compensation current for synchronous
generator as in [36]). And its control algorithms operate in
the CPU controller 3 in Fig. 4. The amplitude and phase of
the actual ASOC should meet: A;zq ,~A;sd, Aisq,n~Aisq and
eisd,hzeisd"_ﬂ—s aisq,hzaisq"_’frs where Aisd,h’ Aisq,h and gisd,h,
0isq,» are the amplitudes and phases of the ASOC in dg-axis,
respectively, and A4, A;sq and 054, 054 are the amplitudes and
phases of the original ASOC of converter in dg-axis, respec-
tively.

When an actual ASOC is generated by additional power
electronic device, according to (26), the aperiodic component
of the derivative of the additional dynamic energy generated by
ASOC is

—0isa,in)
— 0isq.in))

(Ausa,iAisa,in cos(Ousa,;

+Au5q,iAiSq,ih COS(GuSq,i
2

Because the amplitude of the ASOC is the same as that of

subsynchronous current of converter, and the phase difference
is 180°, the sum of (D-1) and wg ; of (26) is zero

A’LUEJ‘7 = (D—l)

!
wWgs, =Awg,; +wg,,

AysaAisdn cos(0usa — 0isa.n)
+AuSinS'q7h COS(QuSq - eiSq,h)

= p
Aysd,iAisd,i cos(Ousd,i — isd,i)
+AuSq,iAiSq,i COS(GuSq,i - eiSq,i)
3

(D-2)

=0.

From (D-2), it can be conclude that the dynamic energy
injected into the system from the converter terminal port is
eliminated.
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