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Abstract— This paper proposes a decentralized control 

scheme of a multi-cell AC/DC converter for electric vehicle 

(EV) charger applications. The multi-cell topology effectively 

achieves high scalability by connecting cells in series and 

parallel. Generally, the multi-cell topology requires a lot of 

signal lines between the master control and slave controllers 

in order to control the power-sharing between the cell 

converters. Thus, the maintainability of the power converters 

is restricted with these wires. The proposed control scheme 

with a wireless communication for the EV charger requires 

no signal wires between master and slave controllers. The 

features of the proposed decentralized scheme are; 1)it allows 

communication delay of several hundred milliseconds, 2)each 

unit, which consists of three single-phase AC/DC converters, 

has an independent the slave controller. The proposed 

method is verified by with six units. The power-sharing is 

demonstrated by the the 7.2-kW prototype. The imbalance 

rate of the input current is suppressed by 7% or less. 

Keywords— battery charger, decentralized control,  

wireless signal communication, multi-port converter 

I.  INTRODUCTION 

Electric Vehicle (EV) chargers have been important in 

terms of the growth of EV markets [1]. The EV chargers 

consist of an isolated AC/DC converter, which has the 

capability of the Power Factor Correction (PFC) and the 

DC-DC converter fot the output control. An LLC 

converter and a Dual Active Bridge (DAB) converter have 

been commonly employed for the isolated DC/DC 

converters because of their high conversion efficiency by 

the soft-switching operation [2]-[7]. Recently, the power 

capacity of the EV batteries and EV chargers has 

drastically increased in order to extend the cruising 

distance of EVs. Furthermore, the use scene of EVs and 

smart micro-grids based on renewable energy sources with 

energy storage systems are expanding. Thus, the EV 

charger must widely accept the battery capacity and utilize 

the energy effectively such as a multi-port converter [8]-[9]. 

The high-power converter for the EV charger requires 

a large voltage and current rating for each component of 

the main circuit. A multi-cell power converter is suitable 

for the high power converter application because the 

circuit configuration is flexibly designed for many system 

ratings by changing the connection of the cell converters. 

Especially, the Input-Parallel-Output-Parallel(IPOP) 

configuration is the typical solution to increase the system 

current rating for the high-power converters [10]-[12]. 

However, the multi-cell converter requires many wirings 

to connect each cell converter. Especially, a lot of signal 

wiring is necessary in order to control many cell converters 

by the centralized control. These wiring decreases the 

system reliability, flexibly and it may become a cause of 

complicated systems. 

The decentralized control for the multi-cell converters 

has been considered in order to solve those problems [13]. 

Reference [13] indicates one of the methods, which low-

cost communication between the master controller and 

slave controllers. The system integrates the 5 Mbps optical 

fiber as the communication line. Thus, It is easy to 

implement decentralized control. Note that this 

decentralized control employs the master-slave control in 

order to regulate all slave controllers which is placed in 

each cell converter. Hence, the wiring between the master 

controller and the slave controller is still necessary.  

The using wireless communication is suitable to reduce 

the singnal line between master and slave controller. The 

delay time caused by a wireless communication is several 

milliseconds to several hundred milliseconds due to 

queuing and collision avoidance processes if a general-

purpose wireless communication module such as Zigbee 

or Bluetooth is implemented in power converters. Thus, it 

is not possible to introduce a low-speed control using 

wireless communication at the inner loop of the voltage or 

current control into the power converter due to the 

communication delay of wireless communication.  

This paper proposes a decentralized control with the 

wireless communication, which is suitable for a multi-port 

EV charger. The originality of this paper is the 

decentralized control that includes a delay time caused by 

the wireless communication with the several thousand 

times larger than the control period. These controls are 

placed in the outer loop of the fast feedback control, which 

is each input current control. Therefore, the control allows 



a delay of several seconds caused by wireless 

communication. The validity of the proposed method is 

demonstrated with a 7.2-kW prototype. From 

experimented results, the input current imbalance rate is 

suppressed by 7 % or less. 

II. SYSTEM CONFIGURATION AND CIRCUIT TOPOLOGY 

Figure 1 shows the system configuration and cell 

controller. The cell consists of a boost converter to operate 

PFC and a resonant DC-DC converter. Each phase is 

connected to three cells in parallel. The resonant DC-DC 

converter achieves the soft switching with the series 

resonance between the leakage inductance Ls in the high-

frequency transformer and the resonant capacitor Cs 

connected to the primary side of the transformer. Note that 

the switching frequency of the DC-DC converter is set to 

85 kHz to switch MOS-FETs according to the resonauce 

frequency. Then, the DC-DC converter roles a DC 

transformer with a constant boost ratio achieving galvanic 

isolation. The switch on the output side roles the switching 

between Mode I: Rapid charging and Mode II Multiple 

charging. 

Table I lists the experimental conditions. This paper 

discusses a case of two units (N=2) and the rated power of 

the cell is designed 1.2 kW. Thus, the rated power of the 

system is 7.2 kW in this paper. 

III. PROPOSED DECENTRALIZED CONTROL SCHEME 

Figure 2 (a) shows the control layer diagram of the 

proposed decentralized control scheme. The master 

controller manages the system output by communicating 

with N slave controllers. The master controller transmits 

the output voltage reference Vout
* to slave controllers. 

Moreover, the averaged input current reference Iin_avg
* is 

transmitted in mode II: rapid charging. Whereas, the slave 

controllers transmit the input current reference of cell Iin_x
* 

to the master controller.  

Figure 2 (b) shows the block diagram of the proposed 

decentralized control. Each input current (Iin_x) is 

controlled by the PI controller to follow the input current 

reference obtained by the multiplying of the amplitude 

which is decided by the output voltage controller, and the 

phase angle that is synchronized with the input voltage. 

The output voltage is controlled by the PI controller, which 

is placed on the outer loop of the input current control. 

A. Mode I: Multiple charging 

The control of mode I: the multiple charging is 

implemented in a double-loop configuration of the general 

voltage and current control. In this mode, each slave 

controller independently controls the input current and the 

output voltage based on the output voltage reference from 

the master controller. Then, the output port of each unit is 

independent of other units. Thus, there is no interference 

in the output voltage control, and no additional control is 

required.  

B. Mode II: Rapid charging 

The output port of the system at mode II is connected in 

parallel in order to increase the rated capacity of charging 

to one battery. The slave controllers individually control 

each output voltage of the cell, thus the control 

interference between each output voltage controller is 

caused by the detection error of the output voltage due to 

the thermal drift characteristics of the detection circuit, and 

so on. In order to suppress the interference and an 
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Fig. 1. Multi-port charger system for electric vehicle with 

multiple cells. 

 

TABLE I 

Experimental Conditions. 

Input voltage

H: Unit capacitance constant of output capacitance 

　　based on converter capacity

Rated output power

DC-link capacitance

Output capacitance

Input inductance

Switching frequency (PFC)

Quantity

Switching frequency (Res. DC-DC)

Angular frequency of PI controller
for input current

Angular frequency of PI controller
for output voltage

wACR

wAVR 50 rad/s

10000 rad/s

85 kHzfsw(DC-DC)

fsw(PFC)

L

Cout

Cconv

P

Vin 200 Vrms

7.2 kW

1080 mF
( H = 35 ms )

1080 mF
( H = 35 ms )

3 mH
(%Z = 2.8%)

45 kHz

Input voltage

Symbol value

 



imbalance of the power-sharing between each unit, the 

output voltage droop control (Section B-1) and the input 

current balance control (Section B-2) are adopted. 

B-1. Output voltage droop control 

Figure 3 (a) shows the equivalent circuit of the DC side 

at mode II. The output of cells is connected in parallel. The 

output voltage of each cell is controlled by each slave 

controller. The output voltage is equivalent to a constant 

voltage source controlled by a feedback controller. Then, 

the output voltage controller is interference with the 

mismatched detected output voltage, which is caused by 

the gain error of the detection or thermal drift of detectors. 

In order to adapt to this problem, the output voltage droop 

control is adopted as the non-interference control between 

the parallel-connected converters. 

Figure 3(b) shows the equivalent circuit of the DC side, 

which is adapted to output voltage droop control. The 

droop control acts as the series-connected resistance to 

constant voltage source controlled by each slave controller. 

Thus, the control suppresses the interference between each 

output voltage control. 

B-2. Input current balance control 

The role of the input current balance control is the 

prevention of the current deviation between the input 

current of unit converters. For example, the detected 

output voltage of unit #1 has positive error, the output 

voltage of unit #1 is controlled to lower voltage than 

another unit. Thus, the input current of unit #1 is controlled 

to small than another unit. It indicates the imbalance of 

power sharing between unit.  

The control compensates the output voltage reference 

using a PI controller based on the difference which is the 

input current reference Iin_x and the averaged input current 

reference Iin_avg.  

B-3. Wireless signal communication between master and 

slave controllers 

The master controller transmits the output voltage 

reference Vout
* and the averaged input current reference 

Iin_avg
* to slave controllers. Moreover, the master controller 

receives the input current reference Iin_x
* from the slave 

controllers at mode II. The averaged input current 

reference Iin_avg
*
 is given by  

* *

_ _

1

1
( )

N

in avg in x

x

I I
N =

=                         (1) 

The slave controller corrects the output voltage 

reference based on the above wireless communication by 

the output voltage droop control.  the input current balance 

control in order to achieve the power-sharing and non-

interference. 

IV. CHARACTERISTIC OF PROPOSED DECENTRALIZED 

CONTROL SCHEME 

A. Communication period between master and slave 

controller Tcomm 

The minimum communication period between the 

master and slave controller Tcomm(min) is limited by the 

communication delay time of the communication module. 

Moreover, the maximum communication period Tcomm(max) 

is limited by the allowable settling time to compensate the 
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(b) Block diagram. 

Fig.2 Proposed decentralized control scheme. 
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Fig.3 Equivalent circuit of DC side at mode II: rapid charging. 



imbalance of the input current. The settling time becomes 

longer as the communication delay time increases. Well-

known the wireless communication (e.g., Zigbee, 

Bluetooth) has from several milliseconds to several 

hundred of milliseconds delay as a communication delay 

due to queuing processing, and so on. Thus, the settling 

time may reach up from several hundred milliseconds to 

several seconds when these wireless module is employed. 

However, the long settling time of the input current  is not 

a significant problem from the point of view of a rapid 

charger for EVs because of the relatively stable load. 

B. Virtual droop resistance Rd 

This chapter discusses the effect of increasing or 

decreasing the virtual droop resistance on the prevention 

of the control interference between the output voltage 

controllers. The non-interference is easily achieved when 

the virtual droop resistance Rd which is in series with each 

voltage source increases, whereas the error between the 

output voltage and the output voltage reference increases. 

Thus, the droop resistance should be as small as possible.  

The condition for the prevention of the interference in 

each voltage control system is given by  
*

_out x outV V                           (2)    

where Vout_x
*is output voltage reference of each slave 

controller, x is unit number (x = 1 ~ N), Vout is output 

voltage. That is when the output voltage reference value 

Vout_x
* of each cell unit exceeds the output voltage Vout, non-

interference of the output voltage control system is 

achieved. 

 In this paper, an acceptable output voltage error of up to ± 

5% is specified, and the droop resistance Rd is set to 5% of 

rated impedance to satisfy this specification.  

The input current balance control is placed on the outer 

of the PI controller of the output voltage. Hence, the 

bandwidth of the input current balance control is designed 

with slower than the output voltage PI controller. The 

balance control uses the averaged input current reference 

Iin-avg
* obtained by low-speed wireless communication, it 

is necessary to design the system with the communication 

cycle Tcomm in mind. Thus, by the integral time constant Ti 

is set to 1.5 second and the proportional gain Kp is set to 

1.0 using the ultimate sensitivity method.  

V. EXPERIMENTAL RESULTS 

Table II lists the specification of the wireless 

communication module. A wireless communication 

module MH920 (Oki Electric Industry) is employed. The 

data length of the output voltage reference and the 

averaged input current reference is set to 2 bytes. Note that 

the header and footer packets are added to the 

communication data according to the protocol of the 

wireless communication module. Figure 4 (a) shows the 

cell converters. The charger system consists of six cells. 

Figure 4 (b) shows the master/slave controller and wireless 

module. The MCU(Microcontroller Unit) is 

TMS320F28379D (Texas Instruments). The MCU 

communicates the wireless module using UART 

(Universal Asynchronous Receiver/Transmitter) with 

115,200 bps. In this case, due to the constraints of the 

control program and wireless module, The communication 

period is set to 1.0 sec to prevent hang-up due to 

communication congestion. 

A. Communication delay caused by wireless module 

Figure 5 shows the communication waveform between 

master and slave. The master controller transmits output 

voltage reference and input current reference to slave 

controllers #1 through #N in sequence. Each output 

voltage command value is transmitted with a time 

difference of milliseconds and updated every seconds. 

Systems that include Zig-bee, Bluetooth, and other 

general-purpose wireless communications generally have 

communication delays of several tens of milliseconds or 

TABLE II 
SPECIFICATION OF WIRELESS COMMUNICATION MODULE 

 

Manufacture

Frequency band

Product name

Module size

Maximum number

of connection

Oki Electric Industry

920 MHz

　　　Coordinator:  MH920-Mod<1><0S>

　　　Router:          MH920-Mod<1><0W>

23.9 mm ×  40.9 mm × 5 mm

100

 

 
(a) Cell converter. 

TMDSCNCD28379D

(Texas Ins truments)

MH920

(Oki Electric Industry)

 
(b) Master/slave controller and wireless module.  

Fig. 4 Photograph of electric vehicle charger system. 



more due to queuing processing, congestion processing, 

etc. Moreover, the communication delay is variable as 

shown in Fig.5(b), (c), and Fig.7.  

Figures 5(b) shows a measured communication delay 

time according to the definition in Fig. 6, when the 

transmission of the data in the master controller MCU to 

the slave controller #2 MCU is processing. The data 

trasnmit command arrives at the Rx (receive) of Slave #2 

MCU after 10 milliseconds which the signal is output from 

Fig. 5 (b) Fig. 5 (c)

5 s/div

 
(a) Outline. 

Fig. 5 Waveform of wireless communication in the proposed method. 

Required time for wireless 

communication: 139.7 ms 20 ms/div

 
(b) Extended Fig. 5(a): Transmission of the data in the master controller to the slave controller #2. 

 

Required time for wireless 

communication: 181.3 ms 20 ms/div

 
(c) Extended Fig. 5(a): Reception of the data in the slave controller #1 to the master controller. 
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Fig.6 Procedure of wireless communication. the communication delay 

caused by wireless communication is defined as shown the figure. 
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Fig.7 Distribution of wireless communication delay in the communicating 

sequence, which is reception of the data in slave controllers to the master 

controller. 



the Tx (transmit) of the master MCU. The requested data 

is sent back to the master controller in about 60 

milliseconds. Thus, the sequence of the transmission  of 

the data in the master controller to slave is required at 

139.7 milliseconds in this case. 

Figure 5(c) shows a measured communication delay 

time according, when the reception of the data in the slave 

controller #1 to the master controller is processing. The 

data trasnmit command arrives at the Rx (receive) of 

Slave #2 MCU after 10 milliseconds which the signal is 

output from the Tx (transmit) of the master MCU. The 

requested data is sent back to the master controller in 

about 70 milliseconds. Thus, the sequence of the data 

request command from slave to master takes 181.3 

milliseconds. 

Figure 7 shows the histogram of the delay time caused 

by wireless communication obrained by 50 

measurements in the experimental condition. The mode 

value of the histogram is from 125 milliseconds to 130 

milliseconds and 135 milliseconds to 140 milliseconds. 

Moreover, the minimum/maximum of the delay is 

122/181 milliseconds under the experimental conditions. 

Note that, this histogram is only example, as it varies 

depending on the wireless communication standard, the 

congestion of the transmission line, the kind of wireless 

module. Thus, a design of the controller for power 

converters using wireless communication must be keep 

in mind that the variation in communication delay time is 

large. 

B. Mode I: Multiple charging 

Figure 8 shows the input current and output voltage 

waveforms at a steady state. At this time, the two chargers 

are controlled to output voltage independently, and the 

master controller transmits only output voltage reference 

350 V. The output voltage follows the reference value of 

350V. The output power is uniformly supplied from each 

cell according to the load to each unit. 

C. Mode II: Rapid charging 

Figure 9 shows the input current and output voltage 

waveforms at 4.3 kW (0.6p.u.). The detected output 

voltage of cell #1 adds + 2% detected error. In contrast to 

mode I, mode II adds the output voltage droop control 

because the output ends are connected in parallel. In 

addition, input current balance control is added to prevent 

power imbalance between units due to output voltage 

detection errors. The input current amplitude of units #1 

equals with #2, despite the error in the detected voltage 

of unit #1. The imbalance rate of the input current iin is 

defined by (3). 

 
*

_

*
[%] max 100 ( 1 ~ )

cell x in avg

iin

in avg

I I
x N

I


−

−

 − 
=  = 

  
   (3) 

 

where Icell_x is each input current, Iin-avg is averaged input 

current. The imbalance ratio is 7% and the current 

deviation between cells was kept below 1 A, and each input 

current of cell is balanced.  

 Figure 9 (a) shows the input current and the output 

voltage without proposed input current balance control and 

without output voltage droop control. The input currents iu1, 

iv1, and iw1 of unit #1 are almost zero, and the imbalance of  

the input current occurs. 
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Fig. 8 Input current and output voltage at steady state in mode I: multiple 

charging. 
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control. 
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(b) Without input current balance and with output voltage droop control. 

 

Fig. 9 Input current and output voltage at steady state in mode II. The 
detected output voltage of cell #1 adds +2 % detected error. 
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(c) With input current balance and with output voltage droop control. 



Figure 9 (b) shows the input current and the output 

voltage without proposed input current balance control and 

with output voltage droop control. The input currents are 

averaged by the droop control, the input currents iu1, iv1, 

and iw1 of unit #1 are controlled smaller than the input 

currents of unit #2 iu2, iv2, and iw2 due to the positive error 

in the output voltage detection value of unit #1. Thus the 

input current is imbalanced. The control results in a 

decrease from iin = 89 % to iin = 32 %. 

Figure 9 (c) shows the the input current and the output 

voltage waveform with proposed input current balance 

control and output voltage droop control. The imbalance of 

input current caused by output voltage error is 

compensated by input current balance control. The control 

results in a decrease from iin = 32 % to iin = 6.7 %. 

D. Characteristics of proposed decentralized control. 

Figure 10 shows the input current and output voltage 

waveform when droop resistance Rd is changed from 

0.01p.u. to 0.1p.u. The output voltage reference is set to 

350 V. the output voltage error increases with the increase 

of the droop resistance increases. The minimum droop 

resistance is determined by the allowable output voltage 

error. Thus, the design of tolerance for the error of detected 

output voltage is better which is lower. 

Figure 11 and Figure 12 shows the input current and 

output voltage waveform when Tcomm is changed. In Fig.11, 

Tcomm is set to 5 seconds, and in Fig.12, Tcomm is set to 10 

seconds. The output voltage reference is set to 350 V. The 

transient response is not related when the communication 

delay time is varied because input current balance control, 

which uses wireless communication parameters, is used 

only in order to compensate for the imbalance of input 

current caused by output voltage errors, whereas the 

transient load variations are controlled only by the output 

voltage droop control, which does not use wireless 

communication. Thus, the balanced state is continued 

which has an output voltage detection error. 

VI. CONCLU SION 

This paper proposed the decentralized control scheme, 

which is included low-speed communication from 100 

milliseconds to one seconds using wireless 

communication. The proposed scheme is characterized by 

the output voltage droop control and the input current 

balance control, which adapt wireless signal 

communication. The proposed scheme requires no signal 

lines between the master controller and slave controllers. 

These characterized controls are placed in the outer loop 

of the fast feedback control of input current and voltage 

controller. Therefore, the control allows several hundred 

of milliseconds delay of wireless communication. 

Moreover, the signal communication The proposed 

scheme is verified by experiments with the 7.2-kW 

prototype. From experimental results, the imbalance rate 

of input current iin is suppressed by 7 % or less with low 

communication period. 

In the future work, the response evaluation by 

communication delay time and design method of droop 

gain is going to be studied in more detail. 
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Fig.12 Input current and output voltage when load is changed from 3.6 kW (0.50p.u.) to 7.2 kW (1.0p.u.). Vout
* = 350 V, Tcomm = 10  sec. 
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(b) 3.6 kW (0.50p.u.).            (c) Transient.              (d) 7.2 kW (1.0p.u.). 
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Fig.11 Input current and output voltage when load is changed from 3.6 kW (0.50p.u.) to 7.2 kW (1.0p.u.). Vout
* = 350 V, Tcomm = 5  sec. 
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(b) 3.6 kW (0.50p.u.).            (c) Transient.              (d) 7.2 kW (1.0p.u.). 


