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tAbstract—This letter proposes a decentralized power balance
control for grid-connected cascaded modular inverters without
any communication, and each module makes decisions based on
its own local information. In contrast, the conventional methods
are usually centralized control and depend on a real-time
communication. Thus, the proposed scheme has advantages of
improved reliability and decreased costs. The overall system
stability is analyzed, and the stability condition is derived as well.
The feasibility of the proposed method is verified by simulation.

Index Terms—Cascaded inverters, Decentralized control,
Grid-connected mode, Power balance, Renewable generation;

I. INTRODUCTION

Multiple inverters are widely connected in parallel-type to
form a high power rating power network [1] or cascaded-type
manners to form a high voltage level power network [2]. These
cascaded-type inverters are early applied to multilevel
topologies [3], and extended into distributed generations,
especially for PV grid-connected system [4], micro-grids [5]
and battery balance managements [6]. Most power balance
methods of cascaded-type system are centralized with high
bandwidth communications in grid-connected mode, which
severely limits its application scope [3]-[6]. For cascaded
micro-converters, [7] firstly proposes a novel power balance
control with low bandwidth communications. The central
controller of string converters interconnects the local
controllers of micro-converters by transferring slow dynamic
DC components. Though excellent power balance and voltage
quality are achieved, they do not go beyond a communication-
based category [3]-[7].

Cascaded inverters have distinct merits in grid-connected
mode, but the power balance among all modules has not been
researched in decentralized manners. In this letter, we
introduce a P- w droop control for frequency synchronization
and power balance autonomously. The stability of the
proposed scheme is proved in theory and the effectiveness is
verified by simulation results.

1. ANALYSIS OF DECENTRALIZED POWER BALANCE CONTROL
A. Equivalent Models of Grid-Connected Cascaded Inverters
Fig. 1 illustrates the schematic diagram of grid-connected
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cascaded-type inverters. This configuration is beneficial to
integrate low-voltage DC distributed generations (DGs) into
medium voltage system. It is very common in PV grid-
connected applications.

From Fig.1, the output real power P; and reactive power Q;
of i-th module are derived as follows

P+ 10 =gl (Ve V)1 (Zi ™)) @

where Vi and di represent the output voltage amplitude and
phase angle of i-th module. Vg and dq are the voltage amplitude
and phase angle of utility grid. |Ziine] and Gine are the grid
impedance amplitude and angle. Usually, the grid impedance
is mainly inductive (i =m/2). The voltage vpe""‘p at point of
common coupling (PCC) is the sum of each module voltage.

N
i _ i9;
Ve =>Ve 2
j=1
where N represents the total number of cascaded modules.
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Fig. 1. Schematic diagram of grid-connected cascaded-type inverters.
From (1)-(2), the power transmission characteristic is given

Pi=ZV—i[VgSin(5i_59)_§Vism(5i_5i)j 3)
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B. Proposed P- w Droop Control

To synchronize each module with the grid and realize
power balance without communication, a decentralized control
scheme is designed as

o =0 —k-(R-P) 5)
V=V =V, M (6)

where wi and Vi are the angular frequency and voltage
amplitude references of i-th module, respectively. o”
represents the nominal value of the grid angular frequency. P*
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represents the nominal rated power of each module. k is a
positive coefficient of P-w droop control. M is a critical
parameter related with stability, which is designed later.

C. Steady-State Analysis

In steady state, because the voltage amplitude reference V*
is same for all modules and each module shares the same grid
current, the apparent power of each module is equal. Moreover,
(7) is obtained due to the identical grid frequency from (5)

R=PR=-= N=P* (7
Namely, the phase angles of all modules are equal in steady

state (0.=0,; i, je{1,2...N}). Thus, the voltage amplitude and
phase angle of PCC is derived from (2)

V=NV =(N/M)Vy;  8,=8=56,=-=0d (8)
Then, the steady state power of each module is obtained
from (3)-(6)

P"=Scsing; Q=S¢ (N/M—cosd) 9)
where ¢ =V /(M -|Zji,e|) represents the power transfer capacity
of a single module. 5=5,-5, is referred to as the steady
power angle. From (9), there are two steady points and they
are gzarcsin(%) Or5=7r—arcsin(%) .

D. Stability Analysis

In this section, the small signal analysis is carried out to test
the system stability. Since &=« , combining (3)-(6) and
linearizing them around the steady state points yield

. o N
& =-k'| M(c0s8) (6 -34)- D (6 -9))
j=L, j#i
where k' =kv"2/|z;,|, and &, &,. &; denote small perturbations
around the equilibrium point.
Rewrite (10) in matrix form as

(10)

S=-k'-L-§ (11)
where 5=[&, &, Sy ]T ;
Mcoss —N +1 1 1
L= l MCOS‘?’N”:' 1 =(Mcos5 - N)ly,y +1y1%
i 1 Mcosg.—N+l

The eigenvalues of the system matrix A=—k'L are given by
A (A)=-kMcoss; A (A)=--=2y(A)=-k (Mcoss —N). (12)
Thus, the necessary and sufficient condition of system
stability is obtained as follow
A=Mcosé —-N >0 (13)
From (13), since both M and N are greater than zero, the
power angle & should lie in (-n/2, @/2) under the stability
constraint. According to the above steady-state analysis, only
5 =arcsin(P"/Sc) is a stable equilibrium point in (13). From (9),
to obtain a high power factor, A should be as small as possible.
However, a too small Ais detrimental to stability from (12).
Thus, a proper M should be designed by making a tradeoff
between reactive power requirement and stability margin.

I1l. SIMULATION RESULTS

The simulation tests are carried out to validate the proposed
ideas. The control block diagram of i-th module is presented in
Fig. 2. The proposed control algorithm in (5)-(6) is used to
generate the voltage reference for the inner voltage-current
closed-loops. The simulation parameters of the system are

listed in Table I.
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Fig. 2. Control diagram of i-th H-bridge inverter module.

TABLE |
SIMULATION PARAMETERS
Symbol Value Symbol Value

Vg 311V 5.8 (case-1)
oy 27*50 rad/s M 6.2 (case-2)
P” 4 kW 7.0 (case-3)

k 1.2e-3 53.6 V (case-1)
Ziine 0.1+j0.5Q V" 50.1V (case-2)

N 6 44.4 V (case-3)

Based on the steady-state analysis (9) and stability condition
(13), three cases of different M are discussed.

Fig.3 shows the simulation results in case-1. Since M < N,
the stability condition of (13) is not met, thus the system is
unstable and the output real-power/reactive-power of modules
are unbalanced.
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Fig. 3. Simulation results of case-1. (a) Active power, (b) reactive power.

In case-2, as the selected M satisfies the stability condition
(13), the system works normally. The simulation results are
illustrated in Fig. 4. As seen from Fig. 4(a)-(b), real-
power/reactive-power balance is achieved. Fig. 4(c) indicates
that the frequency synchronization is also obtained. Fig.4 (d)
shows the voltage/current waveforms at PCC.

Fig. 5(a)-(d) show simulation results of case-3. Compared
with case-2, the settling time becomes shorter, but the power
factor becomes lower from 0.983 to 0.891 in Fig. 6(a).
Therefore, in practice, M is designed by making a compromise
between the power factor and dynamic response. In addition,
Fig. 6(b) shows that the steady-state power angles of case-2
and case-3 lie in (-n/2, m/2), which is in accordance with the
former stability analysis.
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Fig. 4. Simulation results of case-2. (a) Active power, (b) reactive power, (c) frequency, (d) voltage/current at PCC.
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