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The daisy-chain connection of inverters is one of the basic configurations of the

power collecting network in a grid-connected photovoltaic (PV) power

generation farm. In this study, the total impact of a cluster of M similar

inverters in daisy-chain connection in the PV farm is examined in the

following two aspects: 1) aggregated representation of the cluster of

inverters is derived for stability study based on the dynamic equivalence. The

derivation confirms the rationality of representing the cluster of inverters by an

aggregated inverter connected to the external system via an equivalent

reactance, which is the maximum eigenvalue of the matrix of daisy-chain

connection defined in the article. 2) Analysis is conducted to indicate that

the risk of oscillatory instability may be collectively induced by all the inverters in

the daisy-chain connection in the cluster. This explains why the increasing

number of inverters may imply the possible instability risk of a PV farm. An

example of a power system with a grid-connected PV power generation farm is

presented in the article to demonstrate and evaluate the analytical conclusion

obtained.
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1 Introduction

In recent years, renewable power generation, such as wind

and photovoltaic (PV), has developed rapidly (Wang, 2020). In

contrast to traditional thermal and hydraulic power generation,

wind and PV power generation are connected to the grid through

power electronic devices such as inverters (Shah et al., 2021),

which affect the operation of an AC power system in a different

way than traditional generation.

PV power generation has attracted the attention of many

researchers, and a lot of studies have been carried out about its

maximum power point tracking (MPPT) strategy, inverter

control, stability analysis, and control. In order to eliminate

inter-harmonics in a PV generation system, Sangwongwanich

and Blaabjerg (2019) proposed an MPPT algorithm of a random

selection of sampling rate, and Pan et al. (2020) developed a

phase-shifting MPPT method. Ali et al. (2021) advocated an

efficient fuzzy logic-based variant-step incremental conductance

MPPT method to improve the efficiency of maximum power

tracking, which improves the static and dynamic response. As

one of the most important components of PV power generation,

the inverter directly affects the external dynamic characteristics

of PV power generation. Callegaro et al. (2022) proposed a

feedback linearization-based controller that eliminates the

instability of photovoltaic voltage. In order to reduce the

leakage current of a PV inverter, a five-level transformer-less

inverter and a three-phase Z-source three-level four-leg inverter

were developed (Zhu et al., 2020; Guo et al., 2018), respectively.

A grid-connected inverter may behave as an RLC circuit with

negative resistance in various frequency regions, thus

destabilizing the system (Harnefors, 2007; Harnefors et al.,

2007; Du et al., 2020a). Moradi-Shahrbabak and Tabesh

(2018) found that the damping of the oscillation mode may

decrease when the capacitance and reactance corresponding to

the DC link and the front-end inverter increase, bringing about

the instability risk. By using the eigenvalue analysis, Zhao et al.

(2017) found that the parameters of inverter control systems, tie

line length, and other factors in a grid-connected inverter system

may affect the damping of mid-low frequency oscillation mode.

The line length directly affected the power grid strength such that

the decrease in power grid strength would destabilize the system

(Huang et al., 2015; Xia et al., 2018; Du et al., 2019; Malik et al.,

2019; Du et al., 2021a).

Studies so far in the literature have indicated that the number

of inverters is an important factor affecting the oscillatory

stability of a grid-connected PV generation system. The

increase in the number of inverters may lead to system

instability (Agorreta et al., 2011; Majumder and Bag, 2014;

Shahnia, 2016; Du et al., 2020a; Fu et al., 2020; Du et al.,

2021b). Shahnia (2016) found that when the total power

generation capacity of a microgrid remained constant and the

number of converter-interfaced distributed energy resources

increased, the system stability decreased. A study by

Majumder and Bag (2014) indicated that if the control gains

of converters remained unchanged, the increase in the number of

parallel back-to-back converters may induce system instability.

However, the study about the impact of an increasing number of

grid-connected inverters relied on the results of numerical

computation/simulation of study cases.

Du et al. (2020b) analytically examined the impact of the

increasing number of parallel-connected PV generating units on

system stability and came to the conclusion that the increase in

the number can reduce system stability. The mechanism of

growing oscillations caused by the increased number of the

PV generating units in parallel connection was analytically

revealed by Du et al. (2020c). A study by Du et al. (2020a) is

the extension of their pioneering investigation of the oscillatory

stability of a grid-connected wind power generation system (Du

et al., 2019). Possible small-signal instability of a grid-connected

wind farm as being caused collectively by M similar wind turbine

generators in parallel connection was found and examined

analytically. The effect of the increasing number of wind

turbine generators in parallel connection to destabilize the

grid-connected wind farm was reported for the first time in

the literature, which is an important innovative contribution to

the field (Du et al., 2019).

The general topology of the power collecting network of a PV

farm is radial, which is the combination of two basic

configurations, that is, inverters in parallel connection and

inverters in daisy-chain connection (Wang et al., 2009; Liu

et al., 2016). Du only studied the basic configuration of PV

generating units in parallel connection. Investigation of the

second basic configuration of PV generating units in daisy-

chain connection is important for revealing the full picture of

the impact of the increasing number of inverters on the small-

signal stability of the grid-connected PV power generation form.

This has motivated the study in this article.

The article examines the total impact of a cluster of M similar

inverters in daisy-chain connection on the small-signal

oscillatory stability of a grid-connected PV power generation

farm. The organization of the article is as follows.

In the next section, the full-order model of a cluster of M

similar inverters in daisy-chain connection is derived first.

Afterward, state transformation is applied to the state matrix

of the full-order model. The result of state transformation proves

that the state matrix of the full-order model is approximately

similar to a block diagonal matrix with M elementary matrices.

Hence, the cluster of inverters in daisy-chain connection is

approximately equivalent to M dynamically independent

subsystems. Finally, analysis is carried out in the section to

indicate that for studying the instability risk, the cluster of

similar inverters in a daisy-chain connection can be

represented by an inverter being connected to the external

system via a lumped reactance, which is the maximum

eigenvalue of the matrix of daisy-chain connection defined in

the article. Hence, it is rational to represent the cluster of similar
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inverters in a daisy-chain connection by an aggregated inverter.

In addition, when the number of similar inverters in daisy-chain

connection increases, the possible instability risk may increase.

This confirms that similar inverters may collectively induce

poorly damped or even growing oscillations, and the risk of

the oscillation increases when the number of the inverters in the

cluster increases.

In Section 3, an example power system with a grid-connected

PV power generation farm is presented. In the PV farm, there is a

cluster of inverters in the daisy-chain connection. Analysis and

conclusions made in Section 2 are demonstrated and evaluated.

In the demonstration and evaluation, two study cases are

presented when the dynamics of inverters in daisy-chain

connection are either similar or considerably different. The

final section summarizes the main conclusions of the article

and future work.

The main contributions of the article, particularly as

compared with previous work by Du et al. (2020b), are as follows:

(1) Analysis is conducted to conclude that it is rational to

represent a cluster of similar inverters in daisy-chain

connection as an aggregated inverter for the stability

study. This extended the innovative work by Du et al.

(2020c) from the case of parallel connected inverters to

the case of the inverters in daisy-chain connection.

(2) Investigation reveals the mechanism of why and how similar

inverters in daisy-chain connection may collectively induce

the oscillations, that is, the increasing number of inverters

may likely increase the instability risk.

2 Impact analysis

2.1 Full-order model of a cluster of
inverters in daisy-chain connection

The structure of a cluster of M inverters in a daisy-chain

connection being connected to an external power system is

shown in Figure 1. The cluster of inverters can be a portion

of a PV power farm. Thus, the external system includes the AC

grid and the remainder of the grid-connected PV power

generation farm. Alternatively, the cluster of inverters can

constitute the complete PV power generation farm, and thus

the external system is the AC grid. In this study, analysis is

conducted and presented on the former case as the analytical

conclusions obtained are applicable to the latter case. In Figure 1,

xL denotes the reactance of the cable between the cluster of

inverters and the remainder of the grid-connected PV generation

power farm. The model of PV is shown in Supplementary

Appendix S1A.

The linearized state-space model of the ith inverter is

d

dt
ΔXwi � AiΔXwi + BiΔV i

ΔI i � CiΔXwi, i � 1, 2,/,M

, (1)

where Δ denotes the small increment of a vector of variables,

ΔXwi is the state variable vector of the ith inverter,

ΔIi � [ΔIix ΔIiy ]T, and ΔVi � [ΔVix ΔViy ]T. Iix + jIiy and

Vix + jViy are the output current and terminal voltage of the ith

inverter, respectively, expressed in the common x − y

coordinate. In this article, the linearized model of the ith

inverter described by Eq. 1 is denoted simply as (Ai, Bi, Ci).
Ignoring the resistance of the cable, linearized voltage

equations for each section of the cable connecting the

inverters are

ΔV i � xi∑M
k�i
ΔIk + ΔV i−1, i � 2,/,M

ΔV1 � (x1 + xL)∑M
k�1

ΔIk + ΔVp

, (2)

where ΔVp � [ΔVpx ΔVpy ]T, Vpx + jVpy is the voltage at the

terminal of the remainder of the PV power generation farm; xi �
xi[ 0 −1

1 0
] and xL � xL[ 0 −1

1 0
], and xi is the reactance of the

cable linking the ith and (i-1)th inverter. It should be noted that the

FIGURE 1
Cluster of M inverters in daisy-chain connection.
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dynamics of the cable affect are in the range of frequency much

higher than those of inverters and hence are neglected in Eq. 2.

Substituting Eq. 2 into Eq. 1, a linearized model of the cluster

of inverters can be gained as follows:

d

dt
ΔX � AXΔX + BXΔVp

ΔIp � CXΔX
, (3)

where ΔX � [ΔXT
w1 ΔXT

w2 / ΔXT
wM ]T;

AX �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
A1 + At11 At12 . . . At1M

At21 A2 + At22 . . . At2M

..

. ..
.

1 ..
.

AtM1 AtM2 . . . AM + AtMM

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, when j≤ i,

Atij � Bi(xL + ∑j
k�1

xk)Cj and when j> i, Atij � Bi(xL + ∑i
k�1

xk)Cj,

(i, j � 1, 2, . . . ,M); BX � [BT
1 BT

2 . . . BT
M ]T ; CX � [C1 C2 / CM ].

Equation 3 is referred to as the full-order model of the cluster

of inverters in a daisy-chain connection.

2.2 State transformation

In practice, similar inverters in daisy-chain connection being

clustered in one group may often be in one area of the PV power

generation farm over which the illumination intensity does not

vary considerably. Often, similar inverters in the cluster are often

supplied by one manufacturer, who sets the parameters of

inverters with the same default values. Subsequently, the

dynamics (dynamic models) of similar inverters in the cluster

are similar. It is reasonable to assume that identical models of

inverters are the approximate description of the case where the

dynamics of inverters in daisy-chain connection, that is,

(Ai,Bi,Ci) � (Ap,Bp,Cp); i � 1, 2,/,M, (4)

where Ap ∈ RN×N, Bp ∈ RN×2, Cp ∈ R2×N; N is the order of the

linearized state-space model of a single inverter. Equation 4 is an

approximate description of similar dynamics of inverters in

daisy-chain connection.

Substituting Eq. 4 into Eq. 3, the state matrix of the cluster of

inverters to be aggregated is obtained as follows:

AX � diag[Ap] + AXL, (5)

where diag[Ap] denotes a diagonal block matrix;

AXL �

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(xL + x1)An (xL + x1)An / (xL + x1)An

(xL + x1)An
⎛⎝xL +∑2

i�1
xi
⎞⎠An / ⎛⎝xL +∑2

i�1
xi
⎞⎠An

..

. ..
.

1 ..
.

(xL + x1)An
⎛⎝xL +∑2

i�1
xi
⎞⎠An / ⎛⎝xL +∑M

i�1
xi
⎞⎠An

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
;

An � Bp[ 0 −1
1 0

]Cp ∈ RN×N.

The state matrix of a grid-connected PV power generation

farm with inverters in parallel connection is derived from Du

et al. (2020a). Due to the special structure of the state matrix

derived, a simple transformation of state variables is proposed

and applied to decompose the state matrix. State matrix of

inverters in daisy-chain connected as given in Eq. 5 is much

more complicated than and different to that derived from Du

et al. (2020b) because the configuration of a daisy-chain

connection is completely different to that of a parallel

connection.

Two main factors affecting the small-signal stability of PV

power generation farms are the dynamics of inverters and

dynamic interactions of inverters. The latter affecting factor is

determined partially by the configuration of the connecting

network of inverters. The difference of state matrix given in

Eq. 5 for the daisy-chain connection with that given in Du et al.

(2020c) for parallel connection indicates the impact of the

configuration of the connecting network of inverters on the

small-signal stability. Hence, it is expected that stability

analysis based on Eq. 5 is entirely different and more complex

than that conducted in Du et al. (2020a). To start with the

analysis, a new state transformation needs to be invented to

decompose the state matrix given in Eq. 5. For that, the following

matrix of daisy-chain connections is defined:

MM �

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

xL + x1 xL + x1 xL + x1 / xL + x1

xL + x1 xL +∑2
i�1
xi xL +∑2

i�1
xi / xL +∑2

i�1
xi

..

. ..
. ..

.
1 ..

.

xL + x1 xL +∑2
i�1
xi xL +∑3

i�1
xi / xL +∑M

i�1
xi

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (6)

where MM ∈ RM×M.

Denote the ith eigenvalue and corresponding eigenvector

of MM to be ρi and vi � [ v1i v2i / vMi ]T (i � 1, 2,/, M),

respectively. It can be proved that the following state

transformation can be applied (for details, see Du et al.,

2021c):

ΔX � TΔZ. (7)

After the state transformation, the following equivalent state-

space representation of the cluster of inverters in the daisy-chain

connection is obtained:

d

dt
ΔZ � AZΔZ + BZΔVp

ΔIp � CZΔZ
, (8)

where AZ � diag[Ap + ρiAn],

BZ � [ v1BT
p v2BT

p . . . vMBT
p ]T,

CZ � [ v1Cp v2Cp / vMCp ], and vi � ∑M
k�1

vki, i � 1, 2,/,M.
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The state-space representation in Eq. 8 can be seen as

comprising M subsystems, and the state-space model of the

ith subsystem is

d

dt
ΔZi � (Ap + ρiAn)ΔZi + viBpΔVp

ΔIpi � viCpΔZi

. (9)

Equations 8 and 9 indicate that under the assumed condition of

identical models of the inverters, the cluster of inverters can be

equivalently transformed to M dynamically independent

subsystems. Each subsystem consists of a grid-connected inverter.

The state-spacemodel of the inverter in the subsystem is the same as

that described by Eq. 1 and Eq. 4, that is,

d

dt
ΔZi � ApΔZi + BpΔV i

ΔIi � CpΔZi, i � 1, 2,/,M
. (10a)

Connection of the inverter in the subsystem with the external

system is depicted by the following equations:

ΔV i � ρi[ 0 −1
1 0

]ΔI i + viΔVp

ΔIpi � viΔIi, i � 1, 2,/,M
. (10b)

From Eqs 9 and 10, the configuration of the subsystems is

established, as shown in Figure 2. The linearized model of the

subsystem, as described by Eqs 9 and 10, is denoted as

(Ap, Bp, Cp, ρi).

2.3 Aggregated representation

State transformation conducted in the previous subsection

indicates that the cluster of M similar inverters in daisy-chain

connection is approximately equivalent to M dynamically

independent subsystems. In each independent subsystem, an

inverter is connected to the external system via an equivalent

reactance, which is an eigenvalue of matrix daisy-chain

connection, ρi, as shown in Figure 2.

For the case of M similar inverters in parallel connection

studied in Du et al. (2020b), M dynamically independent

subsystems are obtained after state transformation. Each of

the first (M − 1) subsystems is a standalone inverter. The Mth

subsystem comprised an inverter being connected to the external

system via an equivalent reactance, which is equal to the product

of the number of inverters and xL, that is,MxL. Subsequently, the

Mth subsystem can be used as the model of aggregated inverter for

stability study (Du et al., 2020c). However, in the current case of

inverters in daisy-chain connection, each of the M subsystems

comprised an inverter being connected to the external system

after state transformation. Hence, further analysis is needed to

determine which subsystem can be used as the aggregated

inverter to represent the cluster of inverters in a daisy-chain

connection for stability study as follows.

Denote λi, i � 1, 2./M as the oscillation modes of the cluster

of similar inverters in daisy-chain connection, that is, the

conjugate complex eigenvalues of state matrix,

Ap + ρiAn, i � 1, 2,/M. A matrix with a variable ρ can be

defined as Ap + ρAn. Denote λ as a complex conjugate

eigenvalue of Ap + ρAn. Furthermore, the following sensitivity

index (SI) is defined:

SIi � zλ

zρ

∣∣∣∣∣∣∣∣ λ�λi
ρ�ρi

� wT
i Anvi
wT

i vi
. (11)

wherewi and vi are, respectively, the left and right eigenvectors of
the matrix Ap + ρiAn, i � 1, 2,/M for λi.

From Eq. 6, it can be seen that MM is a symmetrical real

matrix with positive elements. Thus, the eigenvalues of MM are

all real positive numbers. Denote ρmin and ρ max as the minimum

and maximum eigenvalues of MM. Denote λmin and λmax to be

the oscillation mode calculated from Ap + ρ minAn and

Ap + ρmaxAn, respectively. From Eq. 11, it can be seen that if

the real part of SIi is negative for ρ � ρi; ρmin ≤ ρi ≤ ρmax, real part

of eigenvalue of Ap + ρAn increases when ρ decreases. Thus,

when ρ is the smallest (i.e., ρ � ρ min), the real part of the

corresponding eigenvalue of Ap + ρAn, that is, λmin) is of the

least damping among λi, i � 1, 2./M. The possible smallest

value of ρi is zero, that is, ρmin � 0. Hence, the damping of

λmin could be equal to the damping of the same type of oscillation

mode of the standalone inverter, that is, the conjugate complex

eigenvalue of the matrix Ap. Because the standalone inverter is

FIGURE 2
Configuration of the ith subsystem.
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stable, λmin should be of sufficient damping and is thus not a

concern for oscillation stability analysis. Hence, if the real part of

SIi is negative, there is no instability risk of the cluster of inverters

in the daisy-chain connection.

However, if the real part of SIi is positive, λmax is of the

poorest damping among λi, i � 1, 2./M. Hence, for detecting

the instability risk of the cluster of inverters in daisy-chain

connection, only the complex conjugate eigenvalues of Ap +
ρmaxAn need to be calculated. This implies that if and only if

the subsystem displayed in Figure 2 with the state matrix of Ap +
ρmaxAn is stable, the cluster of inverters in the daisy-chain

connection is stable. Hence, the subsystem with the state

matrix Ap + ρ maxAn should be used as the aggregated

representation for the stability study. The subsystem is the

aggregated inverter of the cluster of similar inverters in the

daisy-chain connection, as shown in Figure 3. This aggregated

inverter in Figure 3 is referred to as the aggregated representation

of the cluster of similar inverters in daisy-chain connection for

studying the risk of oscillatory instability.

From Eqs 9 and 10 and Figure 3, the linearized model of the

proposed aggregated representation can be written as follows:

d

dt
ΔZm � (Ap + ρ maxAn)ΔZm + vmBpΔVp

ΔIpm � vmCpΔZm

, (12)

where vm is the sum of the eigenvector of MM for ρ max.

The linearized model of the external system can be expressed

as follows:

d

dt
ΔZe � AeΔZe + BeΔIpm

ΔVp � CeΔZe + DeΔIpm

. (13)

Thus, from Eqs 12 and 13, the linearized model of the entire

power system in Figure 1 can be established as

d

dt
ΔZ � AΔZ, (14)

where A � [Ap + ρ maxAn + v2mBpDeCp vmBpCe

vmBeCp Ae
].

The aggregated inverter in the case of inverters in daisy-chain

connection is different to that derived from Du et al. (2020a) for

the case of inverters in parallel connection as the lumped

reactance for the two cases is different. The difference is due

to the fact that two different forms of state transformation are

applied for two different cases of inverters’ connection. A further

examination of the difference is conducted as follows.

Assume that the cable that connects the cluster of inverters in

the daisy-chain connection to the external system in Figure 1 is

much longer than the cables inside the cluster, that is,

xL ≫∑N
i�1xi in Eq. 6. In this case, xi is ignored such that the

inverters in the daisy-chain connection become approximately

parallel connections as all the inverters are connected to a

common point at the terminal of a cluster in Figure 1. With

ignorance of xi, it can be seen from Eq. 6 that the matrix of daisy-

chain connection approximately becomes,

MM ≈
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
xL xL / xL

xL xL / xL

..

.
. . . 1 ..

.

xL xL / xL

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (15)

.

It is easy to prove that ρi � 0, (i � 1, 2, ...,M − 1) and ρM �
MxL which is ρ max. Subsequently, the lumped reactance in the

aggregated inverter shown in Figure 3 is that for the inverters in

parallel connection.

Therefore, the analysis above indicates that the state

transformation and the aggregated inverter derived from Du et al.

(2020b) are just a special example of those in the current study about

similar inverters in daisy-chain connection. Analysis and conclusions

obtained from the special example in Du et al. (2020c) cannot be

simply extended to the case of inverters in daisy-chain connection.

Hence, the total impact of inverters in daisy-chain connection about

how the inverters may collectively cause instability risk needs to be

investigated as to be presented in the following subsection.

2.4 Impact of increasing number of
inverters

First, the following theorem is introduced:

the Cauchy interlace theorem (Mercer andMercer, 2000). Let

MM+1 be a Hermitian matrix of order M + 1, and MM be a

FIGURE 3
Aggregated representation for studying oscillatory stability of a cluster of similar inverters in a daisy-chain connection.
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principal submatrix of MM+1 of order M. If

μ1 ≤ μ2 ≤/≤ μM ≤ μM+1 are the eigenvalues of MM+1 and

ρ1 ≤ ρ2 ≤/≤ ρM−1 ≤ ρM are the eigenvalues of MM, then

μ1 ≤ ρ1 ≤ μ2 ≤ ρ2 ≤/≤ ρM−1 ≤ μM ≤ ρM ≤ μM+1. (16)

Second, consider that one more inverter is connected at the

end of the daisy chain in Figure 1. According to the definition of

the matrix of daisy-chain connection given in Eq. 6,

MM+1 � ⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣MM bT

b xL + ∑M+1

i�1
xi

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦, (17)

where b � [ xL + x1 xL +∑2
i�1
xi / xL +∑M

i�1
xi ].

From Eqs 6 and 17, it can be seen that the matrix MM

defined in Eq. 6 is a principal submatrix of MM+1 in Eq. 17. In

addition,MM+1 is symmetrical and is thus a Hermitian matrix.

Hence, according to the Cauchy interlace theorem, the

maximum eigenvalue of the matrix of daisy-chain

connections increases when one more inverter is connected

in the daisy chain in Figure 1.

Finally, according to the analysis conducted in the previous

subsection, it is known that when ρ max increases, possible

instability risk as caused by the cluster of similar inverters in

a daisy-chain connection also increases. Hence, it can be

concluded that in the case of inverters in a daisy-chain

connection, it is possible that the oscillatory instability may be

induced collectively by the inverters.

3 An example power system with a
grid-connected photovoltaic power
generation farm

Figure 4 shows the configuration of an example power

system with a grid-connected PV power generation farm. In

the PV farm, a cluster of inverters is in a daisy-chain

connection. The AC power system consists of two

synchronous generators (SG1 and SG2) connected to an

infinite busbar. The 20th-order model recommended for

subsynchronous oscillation studies in Padiyar (1996) is

adopted for SG1 and SG2, with the parameters adjusted in

line with their capacities. On the basis of previous work (Du

et al., 2020a), the inverter adopts an 8th-order model, including

DC capacitance voltage (1-order), control system (3-order),

filter reactance (2-order), and PLL (2-order). The relevant

parameters are shown in Supplementary Appendix S1B. Pc
denotes the active power output from the cluster of inverters.

FIGURE 4
An example power system with a grid-connected PV power generation farm.

TABLE 1 Oscillation modes of the cluster of five inverters in daisy-chain connection (case study 1).

Type of mode Aggregated representation Full-order model CWMV model

d-axis CCIL −14.24 + 723.12j −14.25 + 723.11j −15.87 + 723.50j

q-axis CCIL −20.04 + 580.31j −20.04 + 580.29j −20.04 + 579.84j

VDC −9.37 + 232.78j −9.37 + 232.74j −10.57 + 236.62j

PLL −6.94 + 199.69j −6.94 + 199.64j −6.95 + 198.27j

(CCIL, current control inner loop of inverter; VDC, DC voltage control outer loop of inverter; PLL, phase-locked loop; CWMV model, aggregated model derived by using the capacity-

weighted mean value method).
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FIGURE 5
Computational results of participation factors (case study 1). (A) Oscillation modes associated with d-axis CCIL (Icx and xG id are, respectively,
the x-axis current output of the inverter and output of the integrator of d-axis CCIL of the inverter). (B)Oscillationmodes associated with q-axis CCIL
(Icy and xG iq are, respectively, the y-axis current output of the GSC and output of the integrator of q-axis CCIL of the inverter). (C)Oscillation modes
associated with DC voltage control (Vdc and xDC are, respectively, the voltage across the DC capacitor and output of integrator of VDC of the
inverter). (D)Oscillationmodes associated with PLL (xPLL and θPLL are, respectively, the output of integrator and phase of the terminal voltage tracked
by the PLL).
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3.1 Case study 1: Aggregated
representation

Initially, there are five inverters in the cluster of daisy-

chain connections, that is, M = 5. At steady state, the power

factor of each inverter is 0.98 with the active power output

being 0.1 p.u. The parameters of the inverters and the

converter control systems are the same. However, steady-

state terminal voltages of the inverters are different

(otherwise, there will be no load flow in the cluster).

Hence, linearized models of five inverters in the cluster are

slightly different instead of being identical. Analysis of the

aggregated representation of a cluster of inverters in a daisy-

chain connection is evaluated as follows.

First, the fifth inverter in the cluster, that is, inverter5 is

selected to represent the other four inverters in the cluster, that is,

(Ai,Bi,Ci) � (Ap,Bp,Cp) � (A5,B5,C5), i � 1, 2, 3, 4.

Second, the matrix of daisy-chain connections defined

by Eq. 6 is derived, and its eigenvalues are calculated to be

ρ1 � 0.0028, ρ2 � 0.0038, ρ3 � 0.0072, ρ4 � 0.025, and ρ5 � ρmax �
1.1112.

Thus, the aggregated representation of the cluster of five

inverters, shown in Figure 3, is obtained to be (Ap,Bp,Cp, ρmax).
Oscillation modes are computed from the state matrices of the

aggregated representation, Ap + ρ maxAn. The 12th-order model

of inverter is used, that is,N = 12, and hence there are twelve state

variables in the aggregated representation. According to the

results of the study reported in the literature, oscillatory

instability of inverter is often related to the oscillation modes

of the control system of the inverter and the PLL (Kroutikova

et al., 2007; Wen et al., 2015; Peng and Yang, 2020). Hence, in the

2nd column of Table 1, only four oscillation modes are listed,

which are associated with the d-axis and q-axis current control

inner loops, the DC voltage control outer loop of the inverter, and

the PLL of the inverter in the aggregated representation,

respectively. Those associations, referred to as the type of

oscillation mode in Table 1, can be identified by calculating

the participation factors of the oscillation modes. Hence, from

the right and left eigenvectors of Ap + ρmaxAn (state matrix of

aggregated representation) corresponding to the oscillation

modes, participation factors of each of the oscillation modes

are calculated to identify the types of oscillation modes. For

example, if the participation factors of state variables of the PLL

corresponding to one particular oscillation mode are the largest,

the oscillation mode is identified as being associated with

the PLL.

Third, for validation, a full-order model of the cluster of five

inverters, as described in Eq. 3, is established, in which

linearized models of the inverters are similar but slightly

different. Oscillation modes are computed from the state

matrix of the full-order model, AX given in Eq. 5. Of all the

computational results, the modes with the poorest damping for

each type of oscillation mode are identified and are listed in the

3rd column of Table 1. Again, types of oscillation modes are

identified by calculating the participation factors of oscillation

modes being computed by using AX. By comparing the

computational results in the 2nd and 3rd columns, it can be

seen that the aggregated representation obtained provides a

good approximation of the cluster of five inverters in the daisy-

chain connection in the example power system for stability

study, thus confirming the correctness of the analysis and

derivation of aggregated representation presented in the

previous section.

Participation factors of the oscillation modes are presented in

Figure 5.

TABLE 2 Computational results of sensitivity index.

ρi PLL mode DC mode

1.5 0.52–2.00j −0.26 + 1.35j

3.5 2.94–25.12j −2.15 + 10.13j

5.5 5.15–57.42j −3.72 + 22.41j

FIGURE 6
Trajectories of oscillation modes as M increased (case study
2, CWMVmodel, aggregated model derived by using the capacity-
weighted mean value method).

Frontiers in Energy Research frontiersin.org09

Zhou et al. 10.3389/fenrg.2022.1022060

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1022060


Finally, for comparison, the capacity-weighted mean value

method (Zou et al., 2015; Zhou et al., 2018) is applied to derive an

aggregatedmodel of the cluster of five inverters in the daisy-chain

connection in the example power system. Oscillation modes are

computed by using the aggregated model derived by using the

capacity-weighted mean value method. Computational results

are listed in the 4th column of Table 1. From Table 1, it is obvious

that the aggregated representation proposed in the previous

section gives more accurate results in stability assessment than

the aggregated model derived by using the capacity-weighted

mean value method.

3.2 Case study 2: Increasing number of
inverters

By using the aggregated representation obtained earlier, the

sensitivity index defined by Eq. 11 is computed for the oscillation

modes with variation in the value of ρi. Due to the limitation of

space, only the computational results for the oscillation modes

associated with the PLLs (PLL mode) and DC voltage control

outer loops (DC mode) are given in Table 2. According to the

analysis described in the previous section and Table 2, it is

expected that with an increase in the number of inverters in

the daisy-chain connection, the PLL mode would move to the

right on the complex plane with reduced damping, and the DC

mode would move to the left with enhanced damping.

To evaluate this prediction, oscillation modes are computed

by using the aggregated representation shown in Figure 3, the

full-order model of Eq. 3, and the aggregated model derived by

using the capacity-weighted mean value method. Results of

modal computation with variation of the number of inverters

in daisy-chain connection in the example power system give the

trajectories of the PLL mode and DCmode presented in Figure 6.

When more inverters are connected in the daisy chain in the PV

farm, the same number of inverters in the other part of the PV

FIGURE 7
Computational results of participation factors (case study 2, M= 23). (A)Oscillationmodes associatedwith PLL. (B)Oscillationmodes associated
with DC voltage control.

FIGURE 8
Non-linear simulation results (case study 2, CWMV model,
aggregated model derived by using the capacity-weighted mean
value method).
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farm is withdrawn from the operation. In order to exclude the

impact of dynamics of the PVs in the other part of the PV farm,

the PVs in the other part are modeled as constant power sources.

Subsequently, the impact of a varied number of PVs is that

dynamic interactions between the PVs and the steady-state

power generation from the PV farm remain unchanged. The

following observations can be made from Figure 6.

1) The PLL mode moves toward the right on the complex plane

as the number of inverters in the daisy-chain connection

increases. When 23 inverters are in daisy-chain connection,

ρ max � 6.5821; the PLL mode moves into the right half of the

complex plane, resulting in oscillatory instability. Damping

of the DC mode is improved when the number of inverters

in the daisy-chain connection increases. This confirms the

abovementioned prediction and the correctness of the

analytical conclusion drawn in the previous section:

instability risk can be induced collectively by all the

inverters in the daisy-chain connection.

2) The computational results obtained using aggregated

representation are more accurate than those using the

aggregated model from the capacity-weighted mean

value method. The latter in fact fails to identify the

oscillatory instability when the number of inverters in

the daisy-chain connection is increased, indicating that

the aggregated model derived by using the capacity-

weighted mean value method is not applicable for the

stability assessment in this case study.

Participation factors of the oscillation modes are presented in

Figure 7.

Validation by non-linear simulation is given in Figure 8. At

0.5 s of simulation, the active power output over other parts of the

PV farm in the example power system decreases by 5% for 0.1 s.

From Figure 8, it can be seen that when 23 inverters are in a

daisy-chain connection, growing oscillations occur, confirming

the conclusion that inverters in a daisy-chain connection may

collectively cause oscillatory instability and the effectiveness of

the aggregated representation.

3.3 Case study 3: Dynamic models of the
inverters are different

In the two study cases presented earlier, the parameters of

inverters in daisy-chain connection are the same such that

dynamic models of inverters are similar. In this study case,

the parameters of inverters in daisy-chain connection are

different. Consequently, the dynamic models of inverters in

daisy-chain connection in the example power system are

different. Evaluation of the analysis and conclusions made in

the previous section is carried out as follows.

First, parameters of inverter5 are used as a base.

Parameters of the control systems and the PLLs of other

TABLE 3 Oscillation modes of the cluster of five inverters in daisy-chain connection (case study 3).

Type of mode Aggregated representation Full-order model CWMV model

d-axis CCIL −14.24 + 723.12j −13.19 + 695.99j −15.87 + 723.50j

q-axis CCIL −20.04 + 580.31j −17.76 + 547.30j −20.04 + 579.84j

VDC −9.37 + 232.78j −8.48 + 221.02j −10.57 + 236.62j

PLL −6.94 + 199.69j −6.26 + 188.14j −6.95 + 198.27j

FIGURE 9
Trajectories of oscillation modes as M increases (case
study 3).
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inverters in the daisy-chain connection in the example power

system are varied from the base within the limit of ±10%.

Subsequently, linearized models of the inverters in the daisy-

chain connection are different. Results of modal computation

are listed in Table 3. From Table 3, it can be noted that the

results from modal computation using the aggregated

representation are more accurate than those obtained using

the aggregated model derived using the capacity-weighted

mean value method, as compared with the results obtained

using the full-order model.

Second, the impact of the increasing number of inverters in

the daisy-chain connection is evaluated. Because the dynamic

model of inverter5 is the same as that in case studies 1 and 2,

computational results of the sensitivity index are the same as

those given in Table 2. Hence, it is expected that when the

number of inverters in the daisy-chain connection increases,

damping of PLL mode would decrease and damping of the DC

model would increase. Evaluation from modal computation and

non-linear simulation are presented in Figures 9, 10, and 11,

respectively. The results indicate that although the linearized

models of the inverters in the daisy-chain connection are

different in this case study, the analysis made under the

condition that the linearized models of the inverters are

similar is still valid. The small-signal oscillatory stability can

be approximately assessed by using the aggregated

representation. The increasing number of inverters in daisy-

chain connection results in oscillatory instability. This confirms

that multiple inverters in a daisy-chain connection may

collectively induce instability risk. In addition, the aggregated

representation proposed in the article provides more accurate

results in stability assessment than the aggregated model derived

by using the capacity-weighted mean value method.

Third, when the dynamics of the PVs are similar, the model

of any PV in the PV farm can be used as the aggregated model of

the PV farm. However, when the dynamics of the PVS are

considerably different, the error in assessing the stability by

using the aggregated model of the PV farm may be large. This

is demonstrated by the following study case.

Parameters of inverter5 remain unchanged. Deviation of values

of parameters of other inverters in daisy-chain connection in the

FIGURE 10
Computational results of participation factors (case study 1, M= 23). (A)Oscillationmodes associatedwith PLL. (A)Oscillationmodes associated
with DC voltage control.

FIGURE 11
Non-linear simulation results (case study 3 similar
parameters).

Frontiers in Energy Research frontiersin.org12

Zhou et al. 10.3389/fenrg.2022.1022060

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1022060


example power system from those of inverter5 increases above the

limit of ±10%. Since inverter5 is used as the representative of

inverters to establish the aggregated model of the example power

system. Hence, the results of modal computation and simulation

using the aggregated representation of the inverters in the

daisy-chain connection are the same as those presented in the

second column of Table 3 and Figure 11. When the deviation of

parameters of inverters from those of inverter5
is ±20%, ±30%, ±40%, and ±50%, respectively, results of modal

computation using the full-order model are presented in Tables 4

and 5, where the error of modal computation is

error � |λ1 − λ2|
|λ1| , (18)

where λ1 and λ2 are, respectively, the oscillation mode obtained

from the full-order model and the aggregated representation.

VDC and PLL are, respectively, the DC mode and PLL mode.

Results of the simulation are given in Figure 12.

From Tables 4 and 5 and Figure 12, it can be seen that when the

deviation of parameters of inverters is within ±10%, the error to

assess the stability between using the aggregated representation and

using the full-order model is 1%~2%, which is acceptable. However,

when the deviation is over ±20% ormore, the error is more than 5%,

when the aggregated representation might not be acceptable.

3.4 Case study 4: External oscillation
stability

In the study cases presented earlier, oscillatory stability of

the cluster of inverters in a daisy-chain connection is

examined. In the examination, the cluster of inverters is

not connected to the external system. Hence, the

TABLE 4 Oscillation modes of the cluster of five inverters in daisy-chain connection with different parameter settings.

Parameter difference VDC Error (%) PLL Error (%)

±10% −9.02 + 228.98j 1.67 −7.32 + 203.01j 1.65

±20% −7.21 + 203.90j 14.19 −5.57 + 177.51j 12.51

±30% −6.12 + 186.88j 24.61 −4.88 + 166.19j 20.19

±40% −4.97 + 167.96j 38.66 −4.19 + 154.08j 29.64

±50% −3.90 + 147.47j 57.95 −3.51 + 141.24j 41.44

(VDC mode and PLL mode using the aggregated representation, respectively, are −9.37 + 232.78j and −6.94 + 199.69j).

TABLE 5 Oscillation modes of the cluster of twenty-three inverters in daisy-chain connection with different parameter settings.

Parameter difference VDC Error (%) PLL Error (%)

±10% −13.23 + 248.98j 1.54 0.39 + 115.25j 1.87

±20% −12.28 + 256.90j 4.60 0.36 + 110.94j 5.82

±30% −12.49 + 265.33j 7.61 0.32 + 110.70j 6.05

±40% −13.19 + 276.76j 11.42 0.24 + 110.15j 6.58

±50% −14.13 + 287.88j 14.84 0.15 + 106.30j 10.44

(VDC mode and PLL mode using the aggregated representation, respectively, are −13.05 + 245.12j and 0.32 + 117.40j).

FIGURE 12
Non-linear simulation results (case study 3 different
parameters).
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examination is about the stability of the cluster of inverters as

an open-loop subsystem. The examination is important

because the instability of the cluster of the inverters shall

cause the entire system to become unstable when the inverters

are connected to the external system.

In this subsection, oscillatory stability with the cluster of

inverters in the daisy-chain connection being connected to the

external system is assessed. The assessment is about the stability

of the entire system integrated with the cluster of the inverters. For

the assessment, aggregated representation proposed in the previous

section, the full-order model, and the aggregated model derived by

using the capacity-weighted mean value method for the cluster of

inverters in the daisy-chain connection are compared.

When the number of cluster of inverters in the cluster is

15, the cluster of inverters in the daisy-chain connection is

stable before being connected to the external system, as being

indicated by previous study cases. After the cluster of

15 inverters is connected to the external system, the

aggregated representation of the cluster of inverters shown

in Figure 3 is used to establish the state-space model of the

entire example power system depicted by Eq. 14. Afterward,

from the state matrix, A, oscillation modes of the example

power system are calculated. In Table 6, selected oscillation

modes of the example power system are presented in the 2nd

column of Table 6. It can be seen that one oscillation mode

associated with the torsional system of SG1 is unstable.

Hence, growing subsynchronous oscillations are expected

to occur in the example power system.

For confirmation, the full-order model of a cluster of

15 inverters in a daisy-chain connection is derived and

TABLE 6 External oscillation modes of the example power system (case study 4).

Aggregated representation Full-order model CWMV model

Torsional modes of SG1 −2.44 + 324.62j −2.44 + 324.62j −2.44 + 324.62j

−2.30 + 309.96j −2.30 + 309.96j −2.30 + 309.96j

−1.85 + 208.75j −1.85 + 208.75j −1.85 + 208.75j

1.12 + 158.13j 1.03 + 157.89j 0.35 + 156.99j

−1.59 + 111.95j −1.59 + 111.95j −1.58 + 111.96j

Torsional modes of SG2 −1.33 + 276.86j −1.33 + 276.86j −1.33 + 276.86j

−1.06 + 294.55j −1.06 + 294.55j −1.06 + 294.55j

−1.50 + 188.03j −1.50 + 188.03j −1.49 + 188.03j

−0.73 + 142.28j −0.73 + 142.28j −0.74 + 142.28j

−0.94 + 98.41j −0.94 + 98.41j −0.94 + 98.41j

Oscillation modes of inverters in daisy-chain connection −19.67 + 719.06j −14.84 + 725.20j −25.31 + 719.95j

−22.40 + 585.00j −21.23 + 593.56j −22.50 + 583.11j

−8.72 + 235.76j −9.08 + 230.04j −11.55 + 235.47j

−3.72 + 159.49j −3.77 + 159.00j −3.50 + 157.18j

Aggregated representation, model using the aggregated representation state matrices. Full-order model, model using a full-order state-space. CWMVmodel, aggregated model derived by

using the capacity-weighted mean value method.

TABLE 7 Torsional oscillation mode of SG1 when M decreases (case study 4).

M Aggregated representation Full-order model CWMV model

15 1.12 + 158.13j 1.03 + 157.89j 0.35 + 156.99j

14 0.43 + j158.88 0.43 + j158.88 −0.31 + j158.66

13 −0.08 + j158.87 −0.08 + j158.88 −0.36 + j158.64

FIGURE 13
Computational results of participation factors (case study 4).
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integrated with the model of the external system. Subsequently, a

full-order model of the entire example power system with the PV

power generation farm is established. Results of modal

computation are presented in the 3rd column of Table 6. It

can be seen that the example power system is unstable,

confirming the correctness of the assessment made by using

the aggregated representation proposed.

Furthermore, the participation factors of the unstable

torsional oscillation mode of SG1, 1.12 + 158.13j, are

computed. Computational results are presented in Figure 13.

It can be seen that the unstable torsional oscillation mode is

associated with all 15 inverters in the daisy-chain connection.

This confirms that the oscillatory instability is caused collectively

by the cluster of inverters in the daisy-chain connection.

For confirmation, the full-order model of a cluster of

15 inverters in a daisy-chain connection is derived and integrated

with the model of the external system. Subsequently, a full-order

model of the entire example power system with the PV power

generation farm is established. Results of modal computation are

presented in the 3rd column of Table 4. It can be seen that the

example power system is unstable, confirming the correctness of the

assessment made by using the aggregated representation proposed.

Furthermore, the participation factors of the unstable

torsional oscillation mode of SG1, 1.12 + 158.13j, are

computed. Computational results are presented in Figure 12.

It can be seen that the unstable torsional oscillation mode is

associated with all 15 inverters in the daisy-chain connection.

This confirms that the oscillatory instability is caused collectively

by the cluster of inverters in the daisy-chain connection.

Computational results of the unstable torsional oscillation

mode of SG1 with the change in the number of inverters in daisy-

chain connection (M) are presented in Table 7. It can be seen that

when M is reduced to 13, the example power system is stable.

However, when M = 14, the example power system is unstable.

The CWMV model fails to identify the danger of oscillation

instability of the example power system in this case.

Results of validation by non-linear simulation using the full-

order model are given in Figure 14.

4 Conclusion

This study examines the total impact of a cluster of similar

inverters in a daisy-chain connection, which is one of the most

common basic configurations of PV power collecting network on

the small-signal stability of a grid-connected PV power

generation farm. The main conclusions and contributions

made by the study are as follows:

1) An aggregated representation of the cluster of similar inverters

in daisy-chain connection is derived for the stability study

based on the dynamic equivalence. Hence, the derivation

confirms the rationality of representing the cluster of similar

inverters in daisy-chain connection by an aggregated inverter

connected to the external grid via a lumped reactance.

2) Analysis is carried out to indicate that the cluster of similar

inverters in the daisy-chain connection may collectively

induce the growing oscillations in the PV farm. The

analysis is carried out to indicate that the cluster of similar

inverters in the daisy-chain connection may collectively

induce the growing oscillations in the PV farm.

Subsequently, an increasing number of inverters in the

daisy-chain connection may increase the instability risk,

although the total steady-state active power output from

the grid-connected PV farm remains unchanged.

3) General topology of the power collecting network of a grid-

connected PV farm is radial, with a combination of two basic

configurations: daisy-chain connection and parallel

connection. The article extends the pioneering study by Du

et al. (2020c), which was about the total impact of inverters in

a parallel connection.

Further study on the total impact of the increasing number of

inverters on the small-signal stability of PV farms in the near

future may be in two folds. First, it is the extension of stability

analysis to the case of the general radial topology of the PV power

collecting network. Second, it is the total impact when the

dynamics of inverters are different.

FIGURE 14
Non-linear simulation results (case study 4, full-order model
used).
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There are two kinds of methods to tackle the instability

risk. The first one is to tune the parameters of the PVs in the

PV farm. The second is to assign damping controllers on the

PVs or/and the PV farm. Both methods have been

investigated in the literature. Hence, following-on work to

be carried out in the near future will be the examination of

applying those two methods to mitigate the instability risk

brought about by the daisy-chain connection of PVs in the

PV farm.
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