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Abstract- The series photovoltaic-battery-hybrid (PVBH) 
system is considered as a promising solution to better integrating 
distributed energy sources. However, the state-of-the-art controls 
are either highly dependent on the communication, by which 
real-time control variables should be transmitted among all 
converters, or only suitable for PVBH systems with unity power 
factor. Accordingly, a novel distributed control is proposed for 
islanded PVBH systems in this paper. Firstly, a PQ decoupling 
control is introduced, enabling the control of individual 
converters with only local measurements. Then, a droop 
controller is implemented in the battery converter, allowing the 
system to participate in regulating the islanded grid (voltage and 
frequency). A reactive power distribution method is subsequently 
introduced to equalize power sharing among the converters. 
Additionally, two anti-over-modulation loops are developed to 
address the over-modulation issue of both PV converters and the 
battery converter. With the proposed method, only a few 
variables with very slow dynamics should be transmitted, and the 
communication burden can be significantly reduced, leading to 
higher reliability to some extent. Experimental results have 
validated the effectiveness of the proposal. 

Index Terms- Distributed control, power control, series-
connected converters, PV-battery systems, communication. 
 

I.  INTRODUCTION 
 

In recent years, series configurations have gained more 
interest in integrating distributed energy sources [1]-[7]. With 
this, distributed low-voltage (LV) resources can be directly 
interfaced to separate DC rails of the series converter without 
an additional boost stage [2]. This will bring several benefits 
to the entire distributed system, e.g., reduced cost, improved 
efficiency, and modular design. However, in most 
applications, the series system was controlled in a centralized 
way which requires high-bandwidth communication [3]-[6] to 
exchange physical information and gating signals between the 
central controller and distributed converters. This significantly 
increases the cost and reduces the reliability of the distributed 
system. Therefore, efforts have been made towards the 
distributed/decentralized control of series distributed systems 
[2], [7]-[18].  

State-of-the-art distributed/decentralized control methods 
can be categorized as: 1) communication-based and 2) 
communication-free. A typical communication-based control 
was proposed in [2] to achieve power scheduling for series 
systems. In this control, a central controller is responsible for 
the voltage control of the point of common coupling (PCC), 
and local controllers are in charge of the power regulation of 
individual converters. However, it is highly dependent on the 
low-bandwidth communication (LBC) system, by which many 
control variables should be transmitted in real-time between 
the central and local controllers, leading to poor fault tolerant 
capability and reliability. In [8], a distributed power control 
method was proposed for grid-connected series PV systems, 
where each converter can be individually controlled without 
the central controller. However, the control of each converter 
relies on the information of the grid phase-angle, which should 
either be transmitted in real-time by the LBC, or sampled by 
additional voltage sensors for all converters, making this 
solution not cost-effective, especially when many converters 
are used. Then, the current-/voltage-mode (CVM) control 
scheme was developed [9]-[12], where one or several 
converters are centrally controlled as a current source to 
regulate the line current of the series system, and others in a 
distributed way as voltage sources. With this, the 
communication burden can be reduced to some extent [12]. 
Nevertheless, only the grid-connected operation with unity 
power factor (PF) was addressed in this method, while the 
islanded operation has not been studied. In this case, certain 
converters may easily suffer from overloading or even over-
modulation if the load reactive power is not properly 
distributed. It may eventually lead to severer voltage distortion 
or even system instability. 

To avoid the LBC, several communication-free methods 
have been proposed for series systems [13]-[17]. For instance, 
an inverse PF droop control and frequency-active/reactive 
power (f-P/Q) droop control were proposed in [13] and [14], 
respectively. Nevertheless, in these methods, only ideal or 
identical DC sources with equal power sharing are considered, 
When different types of DC sources (e.g., PV panels and 
batteries) are interfaced to each DC rail, or the active/reactive 
power sharing is unequal, these methods cannot be directly 
implemented. It means that the application of these 
communication-free control methods is limited in practice. 
Subsequently, other communication-free methods have been 
developed with the introduction of the LBC. For example, in 
[18], an LBC-dependent two-layer coordinated power control 
based on the inverse PF droop control was introduced to 
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series-connected energy-storage systems, where unequal 
active/reactive power sharing has been achieved according to 
the state-of-charge (SoC) of each battery. This indicates that 
although the LBC can be avoided in certain applications, the 
LBC is usually indispensable due to various factors and 
practical working conditions. Moreover, as it has been 
recommended in IEEE Standard 1547-2018, distributed 
energy resources shall be capable of communicating to 
support the information exchange [19]. Therefore, the LBC is 
necessary for series systems. In all, these communication-free 
methods can be good candidates to reduce the communication 
burden. 

On the other hand, since energy storage elements such as 
batteries can be equipped with PV systems to compensate for 
the fluctuation of solar energy, the series PV-battery-hybrid 
(PVBH) systems have been discussed recently [3], [11], [20]-
[22]. Based on the hierarchical control structure in [1], power 
control and management methods were developed to achieve 
schedulable power for the series PVBH systems in [20] and 

[21], while ensuring a good harvesting of the PV power. The 
grid-connected operation of the PVBH system has also been 
discussed in [11] and [22] using the CVM control, where a 
ramp-rate and a virtual inertia control have been proposed for 
the battery cell to mitigate PV power variations, respectively. 
However, as the methods are similar to those in [9] and [12], 
the challenging issues remain in the control. In [23], an 
autonomous power control scheme has been developed for 
islanded series systems, where PV panels and dispatchable 
sources are interfaced. Yet, the PFs of PV converters are 
always kept consistent with the entire system, which may lead 
to poor PV power utilization, and potential overloading of the 
dispatchable converter. That is, the power distribution and 
utilization are not optimized. 

To summarize, there are certain limitations when 
implementing the above reviewed methods in series PVBH 
systems, as listed in Table I and detailed as follows: 

1) According to previous studies, the hierarchical control 
and the CVM control have been applied to series 

TABLE I 
STATE-OF-THE-ART DISTRIBUTED/DECENTRALIZED CONTROL METHODS FOR SERIES SYSTEMS. 

Reference Types of DC 
sources Control architecture Communication 

burden Operating condition Application limitations when applying to 
series PVBH systems 

Over-
modulations 

[20], [21] PV panels and 
batteries 

Two-layer hierarchical 
control 

High Grid-connected 
operation with 
variable PF 

Highly dependent on the LBC; control-
related variables should be real-time 
transmitted 

Over-modulation 
issue addressed 
only for PV 
converters 

[8] PV panels Distributed PQ control Low Grid-connected 
operation with 
variable PF 

Additional PCC voltage sensor for each 
converter; same-type DC sources; reactive 
power distribution is not addressed 

Not addressed 

[12] Ideal DC 
sources 

CVM 
control 

  Low Grid-connected 
operation with unity 
PF 

Additional PCC 
voltage sensor for each 
converter  

Reactive power 
distribution is not 
considered 

Not addressed 

[9] PV panels   Low Same-type DC sources 

[11] PV panels and 
batteries 

  Low   

[22] PV panels and 
batteries 

P-V and PF-ω 
control for PV 
converters 

Communication
-free 

  

[13] Ideal DC 
sources 
 

Inverse droop control Communication
-free 

Islanded operation 
with RL loads 

Only suitable for RL 
loads 

Amplitude of the 
output AC voltage 
reference for each 
converter is fixed; 
only ideal DC 
sources with equal 
power sharing are 
considered 

Not addressed 

[14]  f-P/Q droop control Islanded operation 
at quadrant I and IV 

Mathematically 
unfeasible for pure 
resistance loads 

[15] P-ω droop control Grid-connected 
operation 

  

[16] PF angle droop control Grid-connected and 
islanded operation 

  

[17] DC capacitors Q-ω and P-V control  Grid-connected 
operation with PF 
close to 0 

Specially designed for STATCOM; Only 
effective when the PFs of all converters are 
close to 0 

Not addressed 

[18] batteries two-layer cascaded 
droop and inverse droop 
control 

Low Grid-connected and 
islanded operation 

Rely on the central controller and LBC to 
generate and transmit frequency, voltage 
amplitude and power references; specially 
designed for battery systems 

Not addressed 

[23] PV panels and 
a dispatchable 
source (can be 
batteries) 

Autonomous PQ control 
for individual converters 

Communication
-free 

Islanded operation 
at quadrant I and IV 

Poor PV power utilization when the PF of 
the entire series system is small; 
overloading possibility of the dispatchable 
converter 

Not addressed 
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PVBH systems. However, the hierarchical control is 
highly dependent on the LBC, as discussed in [20] and 
[21], while the CVM control only deals with the grid-
connected operation with unity PF [11], [22]. 

2) Although the two-layer control in [18] based on the 
inverse PF droop control can cope with unequal active 
and reactive power sharing, it still relies on the central 
controller to generate the frequency reference for all 
converters, indicating that the system is highly LBC-
dependent. Moreover, this approach is designed for the 
series system with the same type of DC sources, i.e., 
not suitable for series PVBH systems. In addition, 
certain communication-free control schemes are 
designed for special applications. For instance, the 
reactive power versus angular frequency (Q-ω) and 
active power versus AC voltage amplitude (P-V) 
control proposed in [17], where the PFs of all 
converters are close to 0, are not applicable to PVBH 
systems. 

3) Over-modulation of individual converters is one 
common issue in the series system, which may be 
induced by the unbalanced power sharing among the 
series converters, and possibly lead to instability and 
performance degradation of the system [24]. However, 
in the control methods discussed above, it has rarely 
been addressed except in [21], where only the over-
modulation of PV converters is considered. In fact, all 
converters may suffer from over-modulation, and the 
anti-over-modulation (AOM) strategies for all 
converter cells should be further studied to ensure the 
stable operation of the series PVBH system.  

4) Islanded operation of the series PVBH system has 
rarely been discussed. On one hand, the control 
objectives of the grid-connected operation with unity 
PF are maximizing the power utilization from PV 
converters, while using the battery converter to 
improve the power quality and enhance the stability of 
the system [11], [12], [20], [21]. On the other hand, for 
the islanded operation, the priority of the system is to 
fulfil the load demands with the participation of all 
converters, while maintaining the islanded grid voltage 
and frequency. With this goal, the system should 
extract as much power from the PV converters as 
possible, and properly distribute the reactive power 
among all converters. Therefore, the islanded operation 
requires further exploration. 

To overcome those limitations, the islanded operation of the 
series PVBH system with a novel distributed control is 
discussed in this paper. With the proposed control, the PV 
panels can harvest as much power as possible, while the 
battery automatically regulates the voltage and frequency of 
the islanding grid according to the load demand. Moreover, 
reactive power can be shared to balance the loading of all 
converters. To guarantee the stable operation of the system, 
two AOM loops are developed. In the proposed control, only 
the total active and reactive power, active power of each 
converter, and the amplitude of the modulation index for the 

battery converter with low dynamics should be transmitted 
through the LBC system, significantly reducing the 
communication burden. 

The rest of this paper is organized as follows. In Section II, 
a PQ decoupling control is proposed, enabling the individual 
active and reactive power control with only local 
measurements. Then, the droop control is implemented for the 
battery converter. A reactive power distribution method is 
developed to realize approximately equal power sharing of all 
converters. In Section III, a small-signal analysis is conducted. 
In Section IV, the over-modulation issues of the series PVBH 
system is analyzed, and the AOM loops are developed. The 
effectiveness of the proposed distributed control is then 
validated by experimental tests in Section V. Finally, 
concluding remarks are provided in Section VI.  

 
II. PROPOSED DISTRIBUTED CONTROL 

 
A. PQ Decoupling Control for PV Converters 

To illustrate the proposed control, an islanded 3-cell series 
PVBH system is shown in Fig. 1, where two PV converters 
and one battery converter are connected in series. In the 
following analysis, only one battery converter is considered 
for simplicity. It can be observed that the same line current iline 
flows through all cells, while the output voltage of each cell 
can be different both in amplitude and phase angle. The 
corresponding phasor diagram is shown in Fig. 2, where the 
grid voltage vector totalV  is synthesized by voltage vectors 1V , 

2V  and 3V . As shown in Fig. 2, the increment of | 1V | (the 
amplitude of 1V ) will lead to the increase of both active and 
reactive power of the kth cell (k refers to one of the specific 
cells), while the increase of the PF angle θ1 will result in the 
decrease of the active power and increase of the reactive 
power. According to Fig. 2, assuming that the increments on 
the AC voltage amplitude and PF angle of the kth converter 
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Fig. 1. Hardware schematic of a 3-cell series PVBH system, where vac,k and 
vac,bat are the AC voltages of the kth converter cell and the battery cell, 
respectively, VPV,m and Vbat are the DC voltages of PV #m and the battery, 
respectively, and vtotal is the output voltage of the system.  
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(denoted by ΔVk and Δθk, respectively) are very small, the 
output power variation for the kth cell can be obtained as  

k k k k k k
line line

k k k k k k

cos sin
sin cos

P V V V
I I A

Q V
θ θ
θ θ θ θ

∆ − ∆ ∆       
= =       ∆ ∆ ∆       

 (1) 

where θk and Vk are the PF angle and AC voltage amplitude of 
the kth converter, respectively, ΔPk and ΔQk are the increments 
of the active power and reactive power of the kth converter, 
respectively, and A is the coupling matrix. From (1), it can be 
observed that the variation of ΔVk and Δθk will affect both the 
active and reactive power. This coupling relationship is 
dependent on the power factor of the kth cell. Therefore, 
different from the parallel distributed power converters, the 
well-known active power versus frequency (P-f) and reactive 
power versus voltage (Q-V) droop control cannot be directly 
implemented to individually control the converters. It thus 
calls for distributed control methods. 

By solving the inverse matrix of A, it gives  

k k1
k k k

k k
k k kline line

k k

cos sin
1

sin cos
V P PA

Q QI I
V V

θ θ
θ θ

θ

−  
∆ ∆ ∆      = =      −∆ ∆ ∆       

. (2) 

To regulate the individual active/reactive power of each cell, a 
PQ decoupling control can be obtained according to (2), as 
shown in Fig. 3(a), being the overall control diagram of the 
PV converter. As shown in Fig. 3(a), the active power of the 
PV converter is regulated by controlling the PV voltage VPV or 
power PPV, with a maximum power point tracking (MPPT) 
controller. Both the active power (or DC voltage) and reactive 
power are regulated by proportional-integral (PI) controllers, 
and through the decoupling matrix, the increments on the 
amplitude and frequency of the output voltage can be 
calculated. The output voltage reference of the kth converter, 
which is denoted as *

ac,kv , is calculated by 

( ) ( )( )g,nom* * *
ac,k k k k nom ksin d sin  d

V
v V t V t

n
ω ω ω

 
= = + ∆ + ∆ 

 
∫ ∫  (3) 

where Vg,nom and ωnom are the nominal amplitude and 
frequency of the grid voltage, respectively, n is the total 
number of converter cells in the series system, and Δωk is the 
increment on the angular frequency of the output voltage. 
Through the conventional voltage and current dual-loop 
control, both MPPT and reactive power control can be realized 
with only local measurements, as shown in Fig. 3(a). 

B. Droop Control for the Battery Converter 

As the system should participate in grid regulation while 
compensating for the PV power variations, the control 
diagram of the battery cell can thus be designed, as shown in 
Fig. 3(b), where the droop control is adopted. The amplitude 
and frequency references of the entire system, denoted as *

totalω  
and *

totalV , respectively, are obtained as  
*
total total,0 D,p total
*

total total,0 D,q total

k P
V V k Q
ω ω = −
 = −

 (4) 

in which ωtotal,0 and Vtotal,0 are the output voltage angular 
frequency and amplitude at no load, and kD,p and kD,q are the 
droop coefficients for the frequency and amplitude, 
respectively. Then, the voltage reference for the entire system 
is calculated by 

( )* * *
total total totalsin dv V tω= ∫ . (5) 

Through the voltage and current dual-loop control, the 
output voltage of the system can be maintained by the battery 
converter. In this way, the external characteristics of the series 
system will behave like a droop-controlled power source, 
while the battery operates as a buffer to compensate for the 
power difference between the load and the PV generation. 

C. Reactive Power Distribution 

The reactive power of the system is distributed to equalize 
the apparent power sharing among all converters. To reduce 
the communication burden, in the proposed approach, only the 
total active and reactive power are transmitted by the LBC. 
Then, each converter only knows its own power and the total 
power of the system. In this case, the reactive power reference 
of each converter can be decided by assuming: 1) the apparent 
power for all converter cells is identical, and 2) the voltage 
phasors of other converter cells synthesize the total voltage 
phasor with the minimum amplitudes. Accordingly, the 
relationship between the power of the PV converter and the 
total power can be described as  

( ) ( )
k k

total k total k

j 1
1j

P Q
nP P Q Q

+
=

−− + −  (6) 

which is also presented in Fig. 4. By solving (6), the reactive 
power reference can be obtained as 

* total
k total total2

total
total total2

0, 0

, 0 and ,
2

, 0 and 
2

QQ Q Q
n n

Q Q Q
n n

σ

σ σ σ σ

σ σ σ σ


 ≤


−= > − < − − −
− −

> − > − −
−

 
(7) 

with 

( ) ( ) ( )2 22 2 2 2
total k total k k2 1Q n n n P P P Qσ  = − − − − − −  . (8) 

Moreover, the reactive power reference should be limited in a 
certain range as  

Iline

V1

V2

V3

Vtotal

Re[Vtotal]

Im[Vtotal]

ΔV1

Re[ΔV1]

Im[ΔV1]

 Iline

V1

V2

V3

Vtotal

Re[Vtotal]

Im[Vtotal]

Δθ1

Im[ΔV1,θ]

Re[ΔV1,θ]  
(a) (b) 

Fig. 2. Phasor diagram of a 3-cell series system shown in Fig. 1 when (a) the 
output voltage amplitude of converter #1 varies, and (b) the phase angle of 
converter #1 varies. 
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( ) ( )
( ) ( )

*
total total k*

k *
total k

,  if abs abs

0,  if sgn sgn

Q Q Q
Q

Q Q

 <= 
≠  

(9) 

where abs(∙) refers to the absolute value, and sgn(∙) refers to 
the sign value. The reactive power limit in (9) is to avoid 
excessive and reversed reactive power contribution. 

In fact, the voltage phasors of other converters cannot 
exactly be the phasors with minimum amplitudes, as shown in 
Fig. 4. Consequently, with the reactive power control in 
(7)−(9), the power loading of the battery cell may be higher 
than that for the PV converters. To address this, the integer n 
in (7)−(9) can be replaced by a reactive power distribution 
coefficient h (h ≤ n), which can be set as either an integer or a 
non-integer. For instance, if h = 2.8 for a 3-cell system, 
through (7)−(9), the calculated *

kQ  will become higher than the 
case when h = n. In this way, the PV converters can contribute 
more reactive power, and the loading for the battery cell can 
be reduced. Moreover, h can be online adjusted to realize 
optimal reactive power distribution, while considering many 
other factors, e.g., ambient temperature and surplus power 
capacity of each converter. Regarding the design of h, in 
practice, h can be set as a constant of n, which will still be 
sufficient for most cases. 

With the above-discussed distributed control, individual 
active/reactive power control, islanded and grid-tied operation, 
and power management considering battery SoC and reactive 
power distribution can be achieved for the series PVBH 
system. Compared with the conventional methods in [2], [20], 
[21], the proposed control can be realized with very low 
communication burden, where only the total active/reactive 
power and the power limiting command should be transmitted 
by the LBC. Since these variables are not for real-time control, 
the fault tolerance of the LBC can be improved.  
D. Fault tolerant operation under communication failure 

In practice, the system may encounter communication faults 
like communication jamming, data error or loss, etc. Since the 

transmitted data in the proposed method are not for real-time 
control, more data can be transmitted within the limited 
communication bandwidth to enhance the reliability of the 
communication. For instance, certain advanced methods can 
be adopted, such as adding multiple error check codes, adding 
redundant or duplicated data, etc. to enhance the 
communication reliability. However, it can still be possible 
when some communication nodes fail due to hardware or 
software issues. Thus, it is necessary to discuss the fault 
tolerant operation of the series system under communication 
failure. 

If the communication of certain PV converters fails, these 
PV converters will only be able to receive local information, 
while other converters can also know about the status of failed 
converters using approaches like heart-beat and hand-shaking 
signals. Consequently, only active power will be provided by 
these communication-failed PV converters, and their reactive 
power reference will be set as 0. The reactive power droop 
coefficient in the battery converter will be increased to reduce 
the reactive power capacity of the entire system, thus avoiding 
potential overloading of other converters. More specifically, 
the reactive power droop coefficient kD,q will be increased 
from ( )total max2V Q∆  to ( )total f max2n V n n Q⋅∆ −   , as shown in 
Fig. 5, where nf is the number of communication-failed PV 
converters. In this way, the reactive power capacity of the 
system will be reduced to ( )fn n n−  times of the normal 
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Fig. 3. Control diagrams of (a) the PV converter and (b) the battery converter. Here, the subscript “PVm” denotes the PV #m in Fig. 1, *
totalθ  is the integration of 

*
totalω , and PWMk and PWMbat are the pulse-width-modulation (PWM) signals for the kth converter and the battery converter, respectively, *

km  and *
batm  are the 

modulation indices for the kth converter and the battery converter, respectively, and PR represents the proportional-resonant control. 
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Fig. 4. Illustration of the reactive power distribution, where the subscript 
“min” indicates the phasor being with the minimum amplitude. 
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system. If the communication of the battery converter fails, no 
PV converters will receive any information through the LBC. 
Then, nf will be set as (n − 1), indicating that only the battery 
converter will provide the reactive power support. 

 
 

III. SMALL-SIGNAL ANALYSIS 
 

To investigate the stability of the proposed control, a small 
signal analysis is conducted for an n-cell PVBH system with 
(n−1) PV converters and one battery converter. In general, the 
power loops and the inner voltage/current loops can be 
considered well-decoupled, since the power loops always have 
lower dynamics than the inner loops [13]. Therefore, to 
discuss the stability of the power loops, voltage/current 
tracking errors are neglected. 

Based on the PQ decoupling control diagram in Fig. 3(a), 
the variations of the voltage amplitude and phase-angle of the 
kth converter can be obtained as 

11,k 12,kk k

21,k 22,kk k

F FV P
F F Qθ

∆ ∆    
=     ∆ ∆    

 (10) 

where i,p
11,k p,p kcos

k
F k

s
θ

 
= − + 

 
, i,q

12,k p,q ksin
k

F k
s

θ
 

= − + 
 

, 

i,p
21,k p,p k ksin

k
F k sV

s
θ

 
= + 
 

, and i,q
22,k p,q k kcos

k
F k sV

s
θ

 
= − + 

 
. 

Here, kp,p, ki,p, kp,q, and ki,q are the proportional and integral 
gains for the active power and reactive power control loops, 
respectively. For the islanded operation, the active and 
reactive power of the kth converter can be calculated as 

( )
( ) ( )

( ) ( )

totalk f
*0

k k k total g f

k
total k total f g k f

f

k
total k total f g k f
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             cos cos
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 + − + − + 

 

(11) 

where |Zf| and θf refer to the amplitude and phase-angle of the 
feeder impedance, respectively. According to (11), the 
variations of the measured active and reactive power of the kth 
converter can be derived as 

( )

k

P1,k P2,k P3,k P4,k kk
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(12) 

in which the coefficients are expressed as 
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. (13) 

Moreover, GLPFk(s) is an equivalent low pass filter (LPF) 
induced by the power measurement for the kth converter, 
which can be approximated as ( ) ( )LPFk cut,k cut,kG s sω ω= +  with 
ωcut,k being its cut-off frequency. 

Considering the battery converter, the characteristic of the 
PVBH system behaves as a droop-controlled voltage source. 
The variations of the voltage amplitude and phase-angle of the 
battery converter can be obtained as 

total total D,q

total
total total D,p

             
1

V Q k

P k
s s
ωθ
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. (14) 

Then, the total power of the system can be calculated as 
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( )
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. (15) 

Accordingly, the variations of the measured total active and 
reactive power can be expressed as 
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 (16) 
where GLPF,total(s) is the LPF in the power measurement to 
avoid power oscillations in the droop control, described as 

( ) ( )LPF,total cut,total cut,totalG s sω ω= +  with ωcut,total being the cut-off 
frequency.   

Then, the power control dynamic of the system can be 
described by a closed-loop matrix as 
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 (17) 
where the elements in the coefficient matrix are expressed as 
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Fig. 5. Modification of the reactive power droop coefficient when the number 
of communication-failed PV converters is nf. 
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Here, the subscript “k” denotes the kth converter, and k < n. For 
the last two rows of the matrix, the coefficients are as  
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 (19) 
Based on (17)−(19), the root loci of the islanded 3-cell series 
PVBH system are shown in Figs. 6−8 with the parameters 
shown in Table II, unless otherwise noted. The root locus 
results are provided for three cases:  

Case 1: Fig. 6 shows the performance of the system when 
the control parameters for PV converters vary. As shown in 
Fig. 6(a), the system has 13 poles, with λ1 and λ2, λ3 and λ4, λ5 
and λ6, λ7 and λ8, λ9 and λ10, and λ11 and λ12 being conjugate 
pole pairs. All poles are in the left half plane, indicating that 
the system is stable. When kp,p and kp,q for all PV converters 
change from 0.06 to 0.3, only λ9, λ10 and λ13 are fixed while 
other nine poles are moving. Since λ7−λ13 are far from the 
imaginary axis compared with λ1−λ6, they have negligible 
impact on the dynamics. Thus, only the behaviors of dominant 
poles (λ1−λ6) are studied in the following.  

The zoomed-in plots of Fig. 6(a) are shown in Fig. 6(b), 
where the loci of λ1−λ6 are demonstrated. With the increase of 
kp,p and kp,q, λ1 and λ2 move towards the imaginary axis, 
leading to a smaller stability margin. On the other hand, the 
increase of kp,p and kp,q will drive λ3−λ6 away from the 
imaginary axis, while the damping ratio also increases. 

However, when further increasing kp,p and kp,q, λ5 and λ6 will 
be closer to the imaginary axis, leading to a reduced stability 
margin. On the contrary, the increases of the integral gains 
have opposite effect on the root loci of λ1−λ6, as shown in 
Fig. 6(c). The increase of ki,p and ki,q will push λ1 and λ2 away 
from the imaginary axis, while making λ3−λ6 less dampened. 
Thus, to meet the requirements of both the stability margin 
and damping performance, the proportional and integral 
coefficients of the power loops for PV converters are selected 
as shown in Table II, and the operating points under the 
selected parameters are also highlighted in Figs. 6(b) and (c). 

Case 2: To assess the stability performance when the 
control parameters of the battery converter vary, root loci 

TABLE II 
PARAMETERS OF THE SERIES PVBH SYSTEM. 

Circuit parameter Value 
Total feeder impedance (0.02 + j0.1) Ω 
Amplitude of the nominal grid voltage Vg,nom 311 V 
Nominal grid frequency ωnom 2π∙50 rad/s 
Initial output voltage amplitudes for PV converters V1 = V2 = 103.7 V 
Initial phase angle for the series system θtotal = 0.02 rad/s 

Initial phase angles for PV converters θ1 = θ2 = 0.02 rad/s 
Control parameters Value 

Power control parameters for PV converters kp,p = kp,q = 0.12 
ki,p = ki,q =  0.4 

Cut-off angular frequency of GLPFk(s) ωcut,k = 100 rad/s 
Cut-off angular frequency of GLPF,total(s) ωcut,total = 50 rad/s 
P/f Droop coefficient kD,p 2π∙10−5 rad/W 
Q/V Droop coefficient kD,q 0.005 V/var 

 

−2000 −1500 −1000 −100 0

−30

−20

−10

0

10

30

40

50

−20−500

20

−50
−40

λ9

λ10

λ7

λ8

λ11

λ12
λ13

−40−60−80

λ1−λ6 

Real Axis

Im
ag

in
ar

y 
A

xi
s

 
(a) 

−15 −10 −5 0
−6

−4

−2

0

2

4

6

λ3

λ5

λ4

λ6

λ1

λ2

Operation point

Operation point

Operation 
point

Real Axis

Im
ag

in
ar

y 
A

xi
s

 
(b) 

−15 −10 −5 0
−6

−4

−2

0

2

4

6
λ3 λ5

λ4 λ6

λ1

λ2

Operation point

Operation point

Operation 
point

Real Axis

Im
ag

in
ar

y 
A

xi
s

 
(c) 

Fig. 6. Root loci diagrams for the islanded system when the control 
parameters of PV converters vary: (a) kp,p and kp,q for all PV converters 
change from 0.06 to 0.3, (b) zoomed-in plot of Fig. 6(a), and (c) zoomed-in 
diagram when ki,p and ki,q for all PV converters change from 0.08 to 0.8. 
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when kD,p and ωcut,total are changed are shown in Figs. 7(a) and 
(b), respectively. It can be seen from Fig. 7(a) that the 
variation of kD,p only affects the locations of λ9 and λ10. With 
the increase of kD,p, λ9 and λ10 will become less dampened. On 
the other hand, when ωcut,total is small, λ9 and λ10 are very close 
to the imaginary axis, indicating that the droop control will 
have a more significant influence on the system performance, 
since λ9 and λ10 will become dominant. With the increase of 
ωcut,total, λ9 and λ10 will move away from the imaginary axis, 
while their damping ratios firstly increase and then decrease. 
When further increasing ωcut,total, λ10 will move far away from 
the imaginary axis, while λ9 will move in the opposite 
direction. Overall, the increase of ωcut,total will lead to better 
stability performance.  

It can be observed from Fig. 7 that λ1−λ6 are still the 
dominant poles when kD,p and ωcut,total change. This indicates 
that the control parameters of the battery converter have less 
impact on the dynamic power sharing performance. The power 
sharing control between the series converters and the power 
control of the entire system are well decoupled. Moreover, 
although the variation of ωcut,total will also affect the locations 
of λ11 and λ12, their impact is relatively minor since they are far 
from the imaginary axis. In addition, the variation of kD,q has 
no effect on the root loci. Therefore, to meet the requirements 
of both stability and dynamics, kD,p and ωcut,total are selected as 
6.28∙10−5 rad/(W∙s) and 50 rad/s, respectively. It should be 
mentioned that the selection of kD,p is also dependent on the  
requirements of the islanded grid. When designing kD,p, it is 
recommended to select an appropriate value considering these 

requirements, and then evaluate the stability performance. The 
corresponding operation points are also highlighted on the root 
loci plots in Fig. 7.  

Case 3: It can be deduced from (19) that the steady-state 
conditions will also affect the locations of the closed-loop 
poles. Thus, to evaluate the stability performance of the 
system under different steady states, Fig. 8 demonstrates the 
root loci when Vtotal and θtotal change. As shown in Fig. 8, λ1−λ6 
are all located on the left half plane, meaning that the system 
is stable under different steady states. When Vtotal increases 
from 296 V to 311 V, λ5 and λ6 firstly move away from the 
imaginary axis, and then go back towards the imaginary axis 
with increased damping ratios, as shown in the root loci with 
the “Q<0” subscript in Fig. 8(a). Meanwhile, λ5 and λ6 keep 
moving towards the imaginary axis with increased damping 
ratios. The root loci is similar with that when θtotal changes 
from 0.02 rad to 0.12 rad, as shown in Fig. 8(b). When Vtotal 
further increases from 311 V to 326 V, as shown in the root 
loci with the “Q>0” subscript in Fig. 8(a), it almost coincides 
with the root loci when Vtotal increases from 296 V to 311 V, 
except that λ3−λ6 are moving in the opposite direction, 
compared to the former root loci in Fig. 8(a). On the other 
hand, the locations of λ1 and λ2 are hardly affected by the 
variations of Vtotal and θtotal. From the above analysis, it is clear 
that although the system is stable, the dynamic performance 
varies under different steady-state conditions. Therefore, when 
designing the control parameters for the individual power 
loops, it is essential to evaluate the stability of the system 
under different steady-state conditions.  
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Fig. 7. Root loci diagrams for the islanded system when the control 
parameters of the battery converter vary: (a) kD,p changes from 2.28∙10−5 
rad/(W∙s) to 1.03∙10−4 rad/(W∙s), and (b) ωcut,total changes from 10 rad/s to 
300 rad/s. 
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Fig. 8. Root loci diagrams for the islanded system when steady states varies: 
(a) Vtotal changes from 296 V to 326 V, and (b) θtotal changes from 0.02 rad to 
0.12 rad. 



IEEE POWER ELECTRONICS REGULAR PAPER/LETTER/CORRESPONDENCE 

From the above discussion, it can be concluded that with the 
properly selected control parameters, the system can be 
operated with satisfactory stability and dynamic performance. 
Moreover, it should be mentioned that all poles are fixed 
under different values of Ek and θk. Therefore, the stability 
performance of the system is irrelevant with the steady-state 
operating points of individual PV converters.  

 
IV. OVER MODULATION ISSUES 

 
For the series system, the main causes of the over-

modulation for both the PV converters and the battery 
converter are explained as follows: 

1) Over-modulation of PV converters: The over-modulation 
of PV converters is usually induced by the reduction of the 
line current. The detailed analysis has been discussed in [21] 
and [24]. Due to the MPPT control, when the line current 
reduces, the output voltage of the PV converter will become 
higher in amplitude to maintain operating at the maximum 
power point (MPP), and this may lead to over-modulation of 
PV converters. 

2) Over-modulation of the battery converter: The over-
modulation of the battery converter will appear when the 
battery converter is contributing more power than PV 
converters. When the battery converter is providing more 
active power, it generally means that the PV power is not 
sufficient. In this case, the over-current protection should 
always be triggered to protect the series system from 
overloading. Although heavy load active power is beyond 
consideration, over-modulation may also appear. As shown in 
Fig. 9, if the reactive power of the series system is large while 
the active power is relatively small, since the PV cells are 
operating in the MPPT mode, almost no reactive power will be 
contributed by the PV converters according to (7)−(9). In this 
case, the battery cell should not only absorb the surplus active 
power from PV cells, but also independently provide all the 
reactive power. Therefore, the battery converter will be at the 
risk of being over-modulated.  

To address the over-modulation issues, two AOM loops are 
respectively developed for PV converters and the battery 
converter, as shown in Fig. 10. The basic idea of the AOM 
loops is to partially discard PV power by moving the operating 
points of PV units from their MPPs to the higher voltage 
region. This effort has three benefits:  

1) Magnitudes of the modulation indices for PV 
converters will be reduced due to the lower PV power.  

2) The available DC voltages will become higher for PV 
converters, making the series system generate a higher 
AC voltage [21].  

3) With the reduction of the PV power, PV converters will 
contribute more reactive power according to (7)−(9), 
and the voltage amplitude of the battery converter can 
thus be reduced. If the battery is operating in the 
charging mode, the reduction of PV power will also 
reduce the charging power of the battery converter, and 
thereby reducing the amplitude of the modulation index 
for the battery converter. 

Based on the above, the first AOM loop is designed to 
address the over-modulation issues of the PV converters. As 
shown in Fig. 10, if *

km  (the amplitude of the modulation 
index for the kth PV converter) is higher than a threshold mth,H, 
a voltage increment will be added on the PV voltage reference 
that is calculated by a PI controller. When *

km  reduces, e.g., 
lower than a threshold mth,L (mth,L < mth,H), the PV converter is 
regarded free from the over-modulation risk. Subsequently, 
the PI regulator will be reset, and the PV converter starts to 
operate in the MPPT mode.  

The AOM loop for the battery converter is implemented 
similarly. As shown in Fig. 10, if *

batm  (the amplitude of the 
modulation index for the battery converter) is higher than 
mth,H, while the power of the kth PV is the highest among all 
PV converters, an increment from a PI regulator is added on 
the voltage reference of the kth PV. In this AOM loop, only the 
PV with the highest power will be selected to discard part of 
its power. When *

batm is lower than mth,L, the PI regulator will 
be reset, meaning that the battery converter is free from the 
over-modulation risk.  
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Fig. 9. Phasor diagram of the system under the over-modulation due to a  
low PF. 
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Fig. 10. Two anti-over-modulation loops, where *
MPPT,mV  is the voltage 

reference generated by the MPPT controller of PV #m, and *
PVmV∆  is the sum 

of the outputs of the two AOM loops, which are implemented in the PV 
converter #m. 
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Notably, the two AOM loops are all implemented in each 
PV converter, as shown in Fig. 10, while the battery converter 
is responsible for collecting the PV power data of all PV 
converters, and determining whether the AOM loop of the 
battery converter is activated for certain PV converters. Due to 
the introduction of the two AOM loops, more variables should 
be transmitted by the LBC, which are *

batm , PV power infor-
mation (PPV1, … PPVn-1), and the enabling flags of the AOM 
loop for the battery converter, as shown in Fig. 10. 
Nevertheless, as the AOM loops and the transmitted variables 
have very slow dynamics, the LBC system will still be 
sufficient. In addition, all the enabling flags of the AOM loop 
for the battery converter, denoted as Bat_AOM_flagk (the 
subscript “k” indicates that this flag is assigned to the kth 
converter), can be combined as one variable to further reduce 
the communication burden. Therefore, the AOM loops have a 
negligible impact on the communication burden of the series 
system. Overall, the diagram of the proposed distributed 
control is shown in Fig. 11, which demonstrates the locations 
of all the aforementioned and all necessary communicating 
variables. 

 
V. EXPERIMENTAL RESULTS 

 
To validate the effectiveness of the proposed control, 

experiments have been performed on a down-scaled 3-cell 
series PVBH system, as shown in Fig. 12, which is assembled 
with three Infineon FS50R12KT4_B15 IGBT modules. One 
Keysight E4360A PV simulator was used to provide the power 
supply for two PV converters, and one Delta Elektronika 
SM330 DC power supply paralleling with a resistor bank is 
adopted to mimic the battery. Three TMS320F28335 digital 

signal processors were employed as individual controllers, 
which are interlinked with the RS-485 serial communication. 
The experimental parameters are the same with Table II, 
except that the nominal peak AC voltage is reduced to 64 V 
due to the limited output voltage of the PV simulator. 
Additional parameters of the experiments are listed in 
Table III, where the control parameters of the AOM loops are 
also included. 

Test 1: The performance of the islanded system during load 
active power step change is demonstrated in Figs. 13 and 14, 
where the load active power jumps from 625 W to 165 W, 
while the reactive power remains at 0. As shown in Fig. 13, 
before the load change, the active power of each PV converter 
is approximately 225 W, and the remaining 175-W active 
power is supported by the battery converter. The PV 
converters are operating at their MPPs, which can be 
confirmed by Fig. 14(a), where the PV voltages oscillate 
around 55 V. The 35-W power loss is due to the converter 
losses. After the load change, the power of the two PV 

Battery 
converter

PV 
converter #1

PV 
converter #2

Battery simulator

 
Fig. 12. Prototype of the down-scaled series PVBH system. 
 

TABLE III 
PARAMETERS OF THE EXPERIMENTS. 

Circuit parameters Value 
PV rated power 260 W 
Output LC filter of one cell 1.8 mH / 30 μF 
DC link capacitor 2000 μF 
Amplitude of the nominal grid voltage Vg,nom 90 V 
Nominal voltage of the battery 48 V 
Control parameters Value 
Switching frequency 5 kHz 
Controller sampling frequency 10 kHz 
MPPT sampling-rate 5 Hz 
MPPT step-size 2.5 V 
Reactive power distribution coefficient h 2.8 
Proportional gain of the AOM loop for PV converters kp,AOM,PV = 50 
Integral gain of the AOM loop for PV converters kq,AOM,PV = 500 
Proportional gain of the AOM loop for PV converters kp,AOM,bat = 30 
Integral gain of the AOM loop for PV converters kq,AOM,bat = 100 
Upper threshold mth,H = 0.9 
Lower threshold mth,L = 0.8 
Communication baud rate 9600 bps 
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Fig. 11. Overall diagram of the proposed distributed control, where Ibat and 
IPV,n-1 refer to the DC current of the battery and PV # (n-1), respectively, and 
iLac,bat and iLac,n are the currents on the AC filter inductors of the battery 
converter and the nth converter, respectively.  
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converters is reduced to 95 W, while the surplus 35-W active 
power is absorbed by the battery. Due to the reduction of the 
line current, the PV voltages are raised to 62 V to avoid over-
modulation of PV converters, as shown in Figs. 14(a) and (b), 
and the output voltage of the battery converter has a reversed 
polarity, as shown in Fig. 14(c), indicating that the battery is 
operating in the charging mode. During the entire process, the 
reactive power of each converter is kept approximately at 
zero. Despite the slight overshooting at the beginning of the 
load change, the total AC voltage of the islanded system is 
stable and of high quality, as seen in Fig. 14(b).  

Test 2: The reactive power control performance of the series 
PVBH system is shown in Figs. 15−17, where the load power 

changes from 165 W and 0 var to 255 W and −210 var. As 
shown in Fig. 15, after the load change, the power of PV 
converters is increased to approximately 160 W, and the 
battery is charged at around 65 W. Most load reactive power is 
supported by the battery, being around −190 var in steady 
state, while each PV converter only has −10 var reactive 
power. The apparent power can be calculated from the 
experimental results, being about 200 VA for the battery 
converter, and 160 VA for PV converters. Since more reactive 
power is provided by the battery converter, over-modulation 
appears after the load change, as shown in Fig. 16(c) and 
Fig. 17. However, due to the implementation of the AOM loop 
for the battery converter, the over-modulation is then 
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Fig. 13. Power control performance of the series PVBH system during load 
active power step change.  

VPV1 (25 V/div)

VPV2 (25 V/div)

iline (10 A/div) vtotal (50 V/div)

0 0
0

Stage I: Ptotal = 625 W, Qtotal = 0 Stage II: Ptotal = 165 W, Qtotal = 0

 
(a) 

0 0
0

iline (10 A/div) vtotal (50 V/div)

VPV1 (25 V/div)

VPV2 (25 V/div)

Stage I: Ptotal = 625 W, Qtotal = 0 Stage II: Ptotal = 165 W, Qtotal = 0

 
(b) 

0

0

0

vac,PV1 (50 V/div)

vac,PV2 (50 V/div)

vac,bat (50 V/div)

Stage I: Ptotal = 625 W, Qtotal = 0 Stage II: Ptotal = 165 W, Qtotal = 0

 
(c) 

Fig. 14. Voltage and current response of the series PVBH system during load 
active power step change: (a) PV voltages, grid voltage and current, (b) zoomed-
in plot of Fig. 14(a), and (c) output voltages of the three converters. 
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Fig. 15. Power control performance of the series PVBH system during load 
active and reactive power step change. 

Stage I: Ptotal = 165 W, Qtotal = 0 Stage II: Ptotal = 255 W, Qtotal = -210 var

VPV1 (25 V/div)
VPV2 (25 V/div)

iline (10 A/div) vtotal (50 V/div)

0

0

0

 
(a) 

Stage I: Ptotal = 165 W, Qtotal = 0 Stage II: Ptotal = 255 W, Qtotal = -210 var

iline (10 A/div) vtotal (50 V/div)

VPV1 (25 V/div)

VPV2 (25 V/div)

0

0

0

 
(b) 

Stage I: Ptotal = 165 W, Qtotal = 0 Stage II: Ptotal = 255 W, Qtotal = -210 var

vac,PV1 (50 V/div)

vac,PV2 (50 V/div)

vac,bat (50 V/div)

0

0

0

Zone 1 Zone 2  
(c) 

Fig. 16. Voltage and current response of the series PVBH system during load 
active and reactive power change: (a) PV voltages, grid voltage and current, (b) 
zoomed-in plot of Fig. 16(a), and (c) output voltages of the three converters. 
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alleviated after several cycles, as shown in Fig. 17(b). The grid 
voltage is kept stable, except for the first two cycles after the 
load change, where an approximately 20% grid voltage drop 
occurs, as shown in Figs. 16(a) and (b). 

Test 3: To better demonstrate the performance of the 
reactive power distribution scheme, experimental results are 
provided in Figs. 18 and 19, where the load conditions are the 
same with Test 2, while the maximum PV power is reduced by 
a half. As it can be observed from Fig. 18, before the load 
change, the active power of each PV converter is around 90 W, 
while the battery is charged at about 15 W. After the load 
change, the active power from each PV converter increases to 
around 120 W, and the remaining 15-W active power is 
provided by the battery. Due to the increase of the line current, 
the operating points of the two PV converters move back to 
their MPPs, as shown in Fig. 19(a), where the PV voltages are 
oscillating around 55 V. Reactive power is distributed 
according to the active power contribution of each converter, 
as shown in Fig. 18, where most reactive power is supported 
by the battery converter, being around −150 var in steady 
state, while the reactive power for each PV converter is around 
−30 var. The apparent power of each converter can 
accordingly be calculated, being 150.7 VA and 123.7 VA for 
the battery converter and each PV converter, respectively. The 
distribution of the apparent power can be confirmed by the 
output voltages of the three converters, as shown in Fig. 19(c), 
where the output voltages of all three converters are roughly 
equal, while the output voltage of the battery converter has a 
larger amplitude. During the entire process, the islanding AC 
voltage is stable and of high quality, despite the voltage dip 
and overshooting appearing in the first two cycles after the 
load change, as shown in Figs. 19(a) and (b).  

Overall, the effectiveness of the proposed PQ decoupling 
control, reactive power distribution scheme, and the two AOM 
loops have been validated by the experimental results. The 
distributed control of the series PVBH system can be achieved 

with very low communication burden. However, according to 
the experimental results in Tests 2 and 3, it is obvious that the 
reactive power distribution performance is not optimized. The 
battery contributes more reactive power, as discussed in 
Section II. In order to obtain better reactive power distribution 
performance, the reactive power reference of each converter 
can be calculated with the implementation of certain 
optimization algorithms, which will inevitably increase the 
computation cost. Nevertheless, the proposed reactive power 
distribution scheme remains a cost-effective solution to 
balancing the loading of all converters. 

Finally, to demonstrate the performance of the proposed 
method in terms of communication burden reduction, the 
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Fig. 17. Output voltages of the three converters: (a) zoomed-in plot of Zone 1 
and (b) zoomed-in plot of Zone 2 in Fig. 16(c). 
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Fig. 18. Power control performance of the series PVBH system during load 
active and reactive power change when PV power is halved.  
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Fig. 19. Voltage and current response of the series PVBH system during load 
active and reactive power change when PV power is halved: (a) PV voltages, 
grid voltage and current, (b) zoomed-in plot of Fig. 19(a), and (c) output 
voltages of the three converters. 
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communication parameters between the conventional 
hierarchical control and the proposed approach are compared 
in Table IV. As shown in Table IV, when using the 
conventional methods to accomplish the same function with 
the proposed control, a total number of 5n variables should be 
transmitted for an n-cell series PVBH system, among which 
2n variables should be real-time transmitted. On the other 
hand, the total number of transmitted variables is reduced to 
(n + 3), and none of them should be real-time transmitted. 
Although different communication protocols have been 
employed in the experiments, being the controller area 
network (CAN) and RS-485 for the conventional and the 
proposed control, respectively, the baud-rate of the proposed 
method (9600 bps) is much lower than the conventional 
solutions (1 Mbps). Therefore, from the above discussion, it 
can be concluded that the communication burden can be 
significantly reduced compared with the conventional 
hierarchical control. 
 

VI. CONCLUSIONS 
 

A novel distributed control for series PVBH systems in 
islanded operation was proposed in this paper. Firstly, a PQ 
decoupling control was introduced, enabling the individual PQ 
control of each converter with only local measurements. Then, 
a droop controller was implemented in the local controller of 
the battery converter, making the series system able to 
participate in voltage and frequency regulation of the islanded 
grid. A reactive power distribution scheme was proposed to 
balance the loading of all converters. To prevent the over-
modulation, two AOM loops were developed. The proposed 
control can be realized with very low communication burden, 
where only several variables with slow dynamics should be 
transmitted by the LBC. Compared with conventional 
approaches, the proposed control can cope with more 
complicated operation conditions with stronger 
communication fault tolerance. Experimental results have 
validated the effectiveness of the proposed method. 
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