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Abstract  

 
A 6.5 V/50 kA high-frequency switching power supply (HSPS) system composed of 10 power modules is developed to meet 

the requirements of copper-foil electrolysis. The power module is composed of a two-leg pulse width modulation (PWM) 
rectifier and a DC/DC converter. The DC/DC converter adopts two full-wave rectifiers in parallel to enhance the output. For the 
two-leg PWM rectifier, the ripple of the DC-link voltage is derived. A composite control method with a ripple filter is then 
proposed to effectively improve the performance of the rectifier. To meet the process demand of copper-foil electrolysis, the 
virtual impedance-based current-sharing control method with load current full feedforward is proposed for n-parallel DC/DC 
converters. The roles of load current feedforward and virtual impedance are analyzed, and the current-sharing control model of 
the HSPS system is derived. Virtual impedance is used to adjust the current-sharing impedance without changing the equivalent 
output impedance, which can effectively reduce current-sharing errors. Finally, simulation and experimental results verify the 
structure and control method. 
 
Key words: Composite control, Current sharing, Feedforward control, High frequency, Switching power supply, Two-leg 
rectifier  
 

I. INTRODUCTION 
Electronic copper foil is an important raw material in the 

electronic and electrical industries; it provides the primary 
substrate and conductive circuits in printed circuit boards [1]. 
The DC power supply is the key device in the production of 
electrolytic copper foil [2]. It must be low in voltage but high 
in current, with an output current that can be more than 50 kA. 
The performance of the power supply is directly related to the 
quality, cost, and efficiency of copper-foil production. This 
power supply traditionally adopts phase-controlled thyristor 
rectifiers, which are composed of thyristors, step-down 
transformer, and diode rectifier [3]. The power conversion of 
this power supply is conducted at fundamental frequency. 
Thus, this power supply has shortcomings, including high 
power loss, poor control accuracy, and harmonic pollution. 

High-frequency switching power supplies (HSPSs) have thus 
been developed [4]-[7] in low-voltage electrolytic areas. By 
using high-frequency conversion technology, HSPS can 
realize efficient power conversion and improve output quality. 
Compared with the thyristor power supply, HSPS has 
advantages, including high efficiency, small size, and good 
flexibility. Nowadays, this power system is increasingly 
being used in the electrolytic industry.  

HSPSs are generally composed of an AC/DC rectifier and 
a DC/DC converter. The diode uncontrolled rectifier is 
commonly used as the pre-rectifier to provide a stable DC 
source [7]. It can produce a certain amount of harmonic 
currents that can seriously pollute the power system. To 
improve the quality of HSPS and purify the power grid, 
power factor correction (PFC) technology is developed to 
achieve high efficiency and low harmonic rectification 
[8]-[10]. For the three-phase PFC, several structures are 
proposed [11]-[15]. The widely used three-phase three-leg 
topology [13] can continuously control input current by pulse 
width modulation (PWM). However, this rectifier topology 
has six power switches and is unsuitable for low- and 
medium-power applications. To reduce switch number and  
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Fig. 1. Structure of the power supply for electrolytic copper foil. 
(a) Structure of the HSPS system. (b) Topology of the power 
module based on the PWM rectifier. 
 
power loss, the three-phase two-leg topology is investigated 
and developed [14], [15]. However, two capacitors are 
present in the DC-link, and this structure has to control the 
voltage balance of these capacitors.  

The back DC/DC converter of HSPS is composed of a 
single-phase full-bridge inverter, a diode rectifier, and an 
output filter. Copper-foil electrolysis is a dynamic 
engineering process with precision. The equivalent resistance 
of the load electrolytic solution is very small and easy to vary, 
which affects the stable operation of power supply. To 
improve dynamic performance of the DC/DC converter, the 
load current feedforward method is adopted to improve the 
anti-disturbance ability of load [16], [17]. Meanwhile, 
according to the process requirements of electrolytic copper 
foil, the power supply output is required to have a high 
current. Thus, the power supply system will be composed of 
multi-parallel DC/DC converters, and the critical 
current-sharing issue should be achieved to maintain a 
reliable and stable operation of the system. Dispersion of the 
main circuit parameter, nonlinear link, and mismatched 
regulator are consistently regarded as main factors causing 
output current-sharing errors. However, other factors that can 
cause output errors, such as random dead time and voltage 
loss of switches (diodes), are often overlooked [18]. To 
achieve the current-sharing control of a power supply system, 
a few methods were proposed, such as droop control, 
master/slave control, and average-current control [19]-[21].  

A few droop control methods based on virtual impedance 
were recently proposed for the n-parallel AC inverters to 
eliminate the circulating current [17]-[18], [22], [23]. These 
methods generally realize virtual impedance through the 
inductive current feedback to enhance the equivalent output 

impedance of the converter, which can inhibit circulating 
currents. These methods can also be used for DC/DC 
converters to eliminate current-sharing errors. However, 
virtual impedance, which is used to increase the equivalent 
output impedance, can increase output voltage loss. The load 
harmonic currents can also easily distort output voltage.   

In this paper, a 6.5 V/50 kA HSPS system for electrolytic 
copper foil is investigated. First, the topology of the HSPS 
system for copper-foil electrolysis is described in Section II. 
The model of the three-phase two-leg PWM rectifier is 
analyzed, and the AC ripple of the DC-link voltage is derived. 
A composite control method is then proposed for the PWM 
rectifier in Section III. For the control of DC/DC power 
modules, the virtual impedance-based current-sharing control 
method is proposed and its closed-loop control model is 
derived and analyzed in Section IV. Finally, simulation and 
experiment are conducted in Sections V and VI respectively, 
and the industrial application is presented to verify the 
proposed system. 

 

II. TOPOLOGY OF HSPS SYSTEM FOR 
ELECTROLYTIC COPPER-FOIL 

The diagram of copper-foil electrolysis is shown in Fig. 
1(a). The DC power supply is an important device in the 
production process of electrolysis. Under the action of DC 
power supply, Cu2+ in the CuSO4 solution is moved to the 
negative cathode and forms copper foil on the roller surface. 
According to the demand of high-grade copper foil, the 
power supply output must have low voltage but high current. 

The HSPS system for electrolytic copper foil is shown in 
Fig. 1. The HSPS system is composed of 10 HSPS modules 
in parallel, with the output of a single HSPS module at 
6.5 V/5 kA. The output capacity of the HSPS system can 
reach 50 kA. The topology of a single HSPS module is shown 
in Fig. 1(b). The HSPS module is composed of the PWM 
rectifier and a DC/DC converter. The three-phase two-leg 
PWM rectifier is adopted to reduce the number of switch 
devices, and thus reduce the cost and power loss of HSPS. 
The improved HSPS system has the following features: 

1) To enhance the output ability of the HSPS module, two 
full-wave rectifiers are adopted. The inputs of full-wave 
rectifiers are in series, but their outputs are in parallel. Thus, 
the current output of the HSPS module can be enhanced and 
the capacity utilization of power switches can be improved. 

2) By adopting the PWM rectifier, the HSPS can achieve 
flexible control performance, reduce reactive power, and 
suppress harmonic pollution.  

3) As for the current-sharing issue of the HSPS modules, 
an improved current-sharing control method is proposed. This 
method can improve the output characteristic of HSPS 
modules and achieve the current-sharing operation of the 
system.  

, , Sa Sb Scv v v  are three-phase source voltages, and 
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, , Sa Sb Sci i i  are input currents of the PWM rectifier [Fig. 1(b)]. 
The C-phase source is connected to the midpoint of DC-link 
capacitors by a filter inductor. Thus, the switch devices only 
bear half of the DC-link voltage.  

According to the circuit shown in Fig. 1(b), the 
relationship between the voltage and current of the PWM 
rectifier is as follows: 

Sa Sc
ao Sa Sc o o

Sb Sc
bo Sb Sc o o

di div v v L L
dt dt

di div v v L L
dt dt

ì = - - +ïï
í
ï = - - +
ïî

           (1) 

where oL  is the input filter inductor. According to the 
circuit, the following can be obtained: 

1 1

2 2

* /
* /

m c

m c

C dv dt i
C dv dt i

=ì
í =î

               (2) 

where mC  is the capacitance of 1C  and 2C . 1cv  and 2cv

are the voltages of 1C  and 2C , and 1i  and 2i  are the 

currents of 1C  and 2C  respectively. Meanwhile, the 

following can be obtained: 2 1Sci i i= - . Assuming 

sin( )Sc mi I tw j= + , the following can be obtained: 

2 1sin( ) * ( ) /m m c cI t C d v v dtw j+ = -            (3) 

Assuming 1 2c cu v vD = - . According to Eq. (3), the 
following can be obtained: 

sin( ) cos( )m m

m m

I Iu t dt t e e
C C

w j w j e
w
-

D = + = + + D = + Dò   (4) 

where eD  is the DC component or the DC voltage error of 
the two capacitors. From Eq. (4), a fundamental AC ripple 
e  occurs in the voltage difference, and the AC component is 
directly related to Sci . Its amplitude is proportional to the 

magnitude of Sci , but inversely proportional to mC . In the 
steady state, the DC-link voltages of the two capacitors can 
be expressed as follows: 

1

2

( ) / 2
( ) / 2

c d

c d

v U
v U

e
e

= +ì
í = -î

                (5) 

where dU  is the DC component of the DC-link voltage 

dcu . The voltages of the two DC-link capacitors are easily 
unbalanced and influenced by disturbances and control errors 
[24]. Thus, a voltage-balance (VB) controller is always 
needed to eliminate DC error eD . However, traditional VB 
control directly uses uD  as the control input. Hence, the AC 
component will be introduced into the inner-loop current 
control. Assuming a proportional controller with a gain k is 
used for the VB control, the output command signal of the 
VB controller can be obtained as follows: 

iD = * *k u k k eeD = + D              (6) 

In general, the control system will add iD  to the current 

reference of the PWM rectifier. Therefore, an additional 
instruction ke  will be added to the current reference. Hence, 
the normal and stable operation of the PWM rectifier can be 
seriously affected if / ( )m mkI Cw is large enough. 

 

III. CONTROL METHOD OF TWO-LEG PWM 
RECTIFIER 

According to the model of the PWM rectifier, a composite 
control method that can effectively combine the merits of 
feedback control with feedforward control to improve system 
performance is proposed. The proposed control diagram is 
shown in Fig. 2. As for the VB control of the PWM rectifier, 
a ripple filter is adopted to eliminate the AC ripple and 
maintain the normal operation of the rectifier. 

Assuming the three-phase source voltage and current are as 
follows: 

sin( )
sin( 2 / 3)
sin( 2 / 3)

Sa

Sb

Sc

v U t
v U t
v U t

w
w p
w p

=ì
ï = -í
ï = +î

              (7) 

sin( )
sin( 2 / 3 )
sin( 2 / 3 )

Sa

Sb

Sc

i I t
i I t
i I t

w q
w p q
w p q

= +ì
ï = - +í
ï = + +î

            (8) 

where U , I , and q are the amplitude of source voltage, 
source current, and power factor (PF) angle, respectively. In 
the steady state, the PF angle q  of the three-phase rectifier 
is expected to be 0. 

According to the energy balance principle, the system loss 
of the HSPS is ideally regarded as 0. Thus, the expected 
amplitude of the three-phase source currents can be obtained 
as follows: 

2 / (3 ) 2 * / (3 )S L o oI P U v i U= =          (9) 

where the load power *L o oP v i= , and ov  and oi are the 

load voltage and current respectively. SI  can be regarded as 
the feedforward command signal. Therefore, the PWM 
rectifier can track the changes of load power in real-time 
according to SI . To maintain the DC-link voltage and 
compensate for the loss of the power switches, a 
proportional-integral (PI) controller is adopted for the voltage 
outer-loop. The output of the voltage controller is outI , and 

thus the sum ( )m S outI I I= +  can be obtained as shown in Fig. 

2. mI  is multiplied by the synchronous signals. Hence, the 
current reference signals for the PWM rectifier can be 
obtained as follows: 

*sin( )
*sin( 2 / 3)

ar m

br m

i I t
i I t

w
w p

=ì
í = -î

           (10) 

Assuming the output currents and voltages of PWM 
rectifier are balanced in the steady state, the sum of 
three-phase source currents is zero because no neutral line 
exists. Thus, the C-phase expected current can be obtained as  
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Fig. 2. Composite control diagram of the two-leg PWM rectifier. 

 
follows: 

( ) *sin( 2 / 3)cr ar br mi i i I tw p= - + = +          (11) 

As for the VB control of the PWM rectifier, a PI controller 
is adopted. According to the discussion above, a fundamental 
AC ripple e  occurs in the voltage difference 1 2( )c cv v- , 

which is caused by Sci . According to Eq. (11), the 

fundamental AC ripple e can be obtained as follows:  
cos( 2 / 3) / ( )m mI t Ce w p w= - +            (12) 

e  can be subtracted from uD  to obtain the DC error eD  
and eliminate the AC ripple in uD  (Fig. 2). Thus, the pure 
DC component eD  can be obtained and processed by a PI 
controller. A command signal ID  for voltage balance can 
then be obtained. The voltage-balance command ID  can 
change the input current of the PWM rectifier to intentionally 
strengthen or weaken the charging of some capacitor. Finally, 
the dynamic balance of two capacitors can be achieved. 

The total reference signals of current inner-loop can be 
obtained as follows: 

da ar

db br

i i I
i i I

= + Dì
í = + Dî

                 (13) 

With the traditional PI controller, tracking ability is limited 
for the AC signal, and error will occur in the steady state. 
Thus, a proportional resonant (PR) controller that can 
effectively improve the control error was proposed [25]. The 
s-domain of the PR controller is expressed as follows: 

2 2( ) 2 / ( )g ikG s k s s w+= +            (14) 

where gk  is the proportional coefficient, and ik  is the 

integral coefficient. The PR feedback control can output the 
dynamic adjustment signals ( adD , bdD ) (Fig. 2).  

According to Eq. (1) and the average switch principle of 
the bipolar PWM, the output voltages of aov  and bov  can be 
derived as follows: 

(2 ) (2 1)
2=

( 2 ) (2 1)
2

dc
Sa Sc o Sa Sb a

ao

bo dc
Sb Sc o Sa Sb b

d uv v L i i dv dt
v d uv v L i i d

dt

é ù é ù- - + -ê ú ê úé ù
=ê ú ê úê ú

ê ú ê úë û - - + -ê ú ê úë ûë û

  (15) 

where ad and bd  are the duty cycles of the two-leg PWM  

 
Fig. 3. Equivalent model of single DC/DC converter. 
 

rectifier, and [ ]  0,1a bd and d Î  occur. Then, the duty cycles 

can be expressed as follows: 
1 2 1

2
1 2 1

2

o Sa o Sb
a Sac

dc dc dc

o Sa o Sb
b Sbc

dc dc dc

L di L did v
u u dt u dt

L di L did v
u u dt u dt

ì = - - +ïï
í
ï = - - +
ïî

       (16) 

where Sbcv  and Sbcv  are the source line voltages. With the 
expected currents shown as Eq. (10), according to Eq. (16), 
the expected duty cycles aEd  and bEd  of the two-leg PWM 
rectifier can be calculated as Eq. (17). 

Deriving Eq. (17) is based on the switch model of the 
PWM rectifier; the model Eq. (17) can directly control the 
rectifier output the corresponding voltage to obtain the 
expected current. Hence, the expected duty cycles aEd  and 

bEd  can be used as the feedforward control signals to realize 
a rapid response for current control. 

2 2 1cos cos( )
3 2

2 2 1cos cos( )
3 2

Sac m o m o
aE

dc dc dc

Sbc m o m o
bE

dc dc dc

v I L I Ld t t
u u u
v I L I Ld t t
u u u

w w pw w

w w pw w

ì = - - - +ïï
í
ï = - - - +
ïî

  (17) 

Finally, the total duty cycles ad  and bd  of the PWM 
rectifier can be calculated by superimposing the outputs of 
feedback control with the feedforward control. Thus, the 
control system of the PWM rectifier effectively combines the 
close-loop tracking performance of the feedback control with 
the rapid response of the feedforward control, which can 
effectively improve the operation performance of the system. 

 

IV. CONTROL METHOD OF DC/DC CONVERTER 
The equivalent model of single DC/DC converter is shown 

in Fig. 3. L and C are the parameters of output filter, and R is 
the equivalent series resistance corresponding to the loss. 

Given that copper-foil electrolysis is a dynamic 
engineering process, the solution in the electrolytic tank is 
prone to fluctuations. Hence, the equivalent resistance of load 
easily varies, which will affect the stable operation of the 
power supply. The load current is considered a disturbance 
because the load varies. The control system of the single 
DC/DC converter in s domain is established (Fig. 4). 

In Fig. 4, iF  is the load current feedforward function, and 

iH  and vH  are the feedback links that can be considered a 

first filter 1 / ( 1)Cst + , where Ct  is the time constant of the  
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Fig. 4. Control diagram with load current feedforward.  

 
filter. iG  and vG  are the current and voltage controllers 

respectively. Here, iG  is a proportional controller with a 

gain ck , while, vG  is a PI controller with the expression

[1 1 / ( )]p ik T s+ , where pk and iT are the gain and integral 

coefficient respectively. mk
 

is the gain of the DC/DC 

converter, and it is / (2 )dU n , where n is the turn ratio of the 

transformer. mF is 1 / mV , and mV  is the amplitude of the 
carrier wave.  

The output voltage of the HSPS can be expressed as 

o u ref o ov G u Z i= -                (18) 

According to Fig. 4, the following can be obtained: 
/ / ( )

/ [ ] / ( )
u o ref v i m m

o o o i i m m i i m m

G v u G G k F A s
Z v i FG k F H G k F Ls R A s

= =ìï
í

= - = - + + +ïî
 (19) 

where ( ) ( ) 1v v i m m i i m mA s H G G k F H G k F Cs Ls R Cs= + + + + . 
To suppress the output voltage fluctuations caused by load 

changes and increase the voltage output ability of power 
supply, a load current full feedforward method is adopted as 
shown in Eqs. (18) and (19). This method is used to control 
the equivalent output impedance Zo approach to 0, which can 
suppress the adverse effect of load changes. Therefore, when 
Zo is set as 0, the following can be derived: 

2( ) ( )
( 1)

C C i m m
i i

i m m i m m C

Ls R L s L R s R G k FF H
G k F G k F s

t t
t

+ + + + +
= + =

+
    (20) 

Given that Ct  is small and i m mR G k F<< , to facilitate the 
implementation of the controller, Eq. (20) can be simplified 
as follows: 

1 , / ( )
( 1)

D
i D c m m

C

L sF L L k k F
st

+
=     =

+
          (21) 

According to the control and circuit parameters of the 
DC/DC converter (Table I), the Bode diagram of Zo is shown 
in Fig. 5. When Fi = 0, the load current feedforward method 
is not used. After using the load current feedforward method 
(Fi = 1) [17], the gain of equivalent output impedance Zo 
decreases in the low-frequency band. Then, using the 
proposed full feedforward function, the gain of Zo is 
attenuated greatly in the low-frequency range. Thus, this 
method can effectively enhance the ability of load 
anti-disturbance and increase the voltage output capacity of 
the power supply. 

The power supply system for electrolytic copper foil is 
composed of multi-parallel power modules. Given the  

TABLE I  
PARAMETERS OF THE HSPS 

Parameter name Value 
System parameters 

Source voltage 220 V,50 Hz 
AC filter inductor Lo = 1 mH 
DC-link capacitors C1 = C2 = 10000 uF 

High-frequency 
transformer 

n = 40:1 

Output inductor L = 0.08 mH 
Output capacitor C = 3000 uF 
Control parameters of the PWM rectifier 

Voltage controller 2(1 + 0.01 s)/0.01 s 
VB controller 2(1 + 0.01 s)/0.01 s 

Current controller 10 + 150 s/(s*s + 98696) 
Control parameters of the DC/DC converter 
Current controller 0.2 
Voltage controller 10(1 + 0.05 s)/0.05 s 

 

 
 

Fig. 5. Bode diagram of equivalent inner impedance Zo 
 

differences in system parameters of each power module, 
current-sharing error will be produced. According to [18], the 
output voltage u  of converter can be expressed as follows:  

*
2

dUu D
n

= * (2 )
2

d
d off Se

U D D U
n

- + -        (22) 

where D  is the normal duty ratio of the converter, SeU  is 

the voltage drop of switches (diodes) and, dD  and offD
 are 

the loss of duty ratio caused by the dead time and 
soft-switching respectively, which are important factors that 
cause output voltage errors. In Fig. 6, eu  is the offset 

voltage caused by SeU , dD , and offD . To achieve the 

current-sharing control, a control method based on the virtual 
resistor is proposed. vR  is the virtual resistor, which is the 
control gain of current-sharing loop. avi  is the average 

output current of multi-parallel power modules. hi  is the 
current-sharing error. According to Fig. 6, the following can 
be obtained: 

/ / ( )
/ 1 / ( )

h o h v v i m m

e o e

Z v i R G G k F A s
G v u A s

= =ì
í = - =î

       (23) 
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Fig. 6. Current-sharing control method of the DC/DC converter. 
 
where Zh can be defined as the current-sharing impedance. 
The current-sharing control will retain the stability of the 
closed-loop control system and the value of the equivalent 
output impedance Zo. Thus, this implementation method of 
virtual impedance is through the feedback of current-sharing 
error, which offers better performance than the method 
through the feedback of inductive current. Assuming uG , oZ ,

eG , and hZ  are similar for m-parallel power modules, the 
output voltage expression of j-th power module can be 
obtained as follows: 

o u refj o oj e ej h hjv G u Z i G u Z i= - - +         (24) 

Then, according to Eq. (24), the following can be obtained: 

o u refav o av e eavv G u Z i G u= - -           (25) 

where

1 1;

1 1;0

refav refj eav ej

av oj hj

u u u u
m m

i i i
m m

ì = =ïï
í
ï = =
ïî

å å

å å
  

m  is the number of power modules. If Eq. (24) is 
subtracted from Eq. (25), the following can be obtained: 

( ) ( ) ( )o h hj u refav refj e eav ejZ Z i G u u G u u+ = - - -     (26) 

Then, the following can be derived: 

( ) ( )
( ) ( )

u e
hj refav refj eav ej

o h o h

G Gi u u u u
Z Z Z Z

= - - -
+ +

   (27) 

In practice, the voltage references given for power modules 
are generally similar, that is, the value of the first term in Eq. 
(27) is approximately 0. However, the offset voltage uej of 
each power module varies with different parameters of 
switches and dead time. This phenomenon is the major factor 
causing current-sharing error. In the case of high-power 
operation in particular, given that the system impedance is 
small, a small bias voltage will produce a large 
current-sharing error. The smaller the Zo, the poorer the 
inhibitory effect on ih, as shown in Eq. (27). Therefore, in the 
case that Zo is determined, selecting the virtual resistance Rv 
to decay the gain of Ge/(Zo+Zh) can be reasonable. Thus, the 
current-sharing error caused by the offset voltage error can be 
eliminated through this method. According to Eqs. (23) and 
(19), the following can be obtained: 

1
( )

e

o h i i m m i i m m v v i m m

G
Z Z H G k F Ls R FG k F R G G k F

=
+ + + - +

 (28) 

According to Eq. (28) and the parameters of DC/DC 
converter (Table I), the Bode diagram of Ge/(Zo+Zh) is shown  

 
Fig. 7. Bode diagram of Ge/(Zo+Zh). 

 
in Fig. 7. When the virtual resistor is set as 0, the gain of 
Ge/(Zo+Zh) is large in the low-frequency band. Hence, a small 
bias voltage will generate a significant current-sharing error. 
When the virtual resistance is 5, the gain of Ge/(Zo+Zh) is 
attenuated substantially. Thus, the current-sharing error in 
low-frequency range will be greatly reduced. With increasing 
virtual resistance, the current-sharing impedance Zh can be 
effectively increased, which can attenuate the gain of 
Ge/(Zo+Zh). Here, the value of Rv is selected as 10. In 
summary, the control system has an inhibitory effect on both 
DC and harmonic bias voltage, and the virtual resistance Rv 
has a significant suppression effect on the low-frequency bias 
voltage. 

 

V. SIMULATIONS 
To verify that the proposed system is feasible, the 

simulation model is established by using PSIM6 software 
(Fig. 1). The design of the HSPS system is as follows: AC 
line voltage is 220 V/50 Hz, and output of the HSPS module 
is DC 5 kA/6.5 V for copper-foil electrolysis. The DC-link 
voltage of the PWM rectifier is set to 700 V, and the turn 
ratio of the transformer is 40:1. The switching frequencies fs 
of the PWM rectifier and full-bridge inverter are 10 and 
20 kHz respectively. The amplitude of carrier wave Vm = 10. 
A resistor (Rd = 6.5/5 k) is used to simulate the load. The 
other circuit parameters of the HSPS are shown in Table I. 

The load is switched into the system at 0.4 s, and the 
output voltage reference is linearly given from 0 V at 0.4 s to 
6.5 V at 0.6 s. Fig. 8(a) shows the output voltage and current 
waveforms of the power module. The output voltage “Vo” of 
the DC/DC converter almost linearly increases with the 
reference “uref.” Thus, the output voltage can fast track to the 
reference without vibration. In the steady state, the output 
voltage and current of DC/DC converter are stable at the 
expected value [Fig. 8(a)]. Fig. 8(b) shows the dynamic 
current and voltage waveforms of the PWM rectifier. With 
increasing output voltage and current, the load power 
increases. Hence, the input currents of the PWM rectifier also 
rapidly increase with increasing output power. Meanwhile,  
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(a)  

 
(b)  

Fig. 8. Dynamic waveforms. (a) Output waveforms of the 
DC/DC converter. (b) Waveforms of the PWM rectifier. 

 
the AC voltage ripples of the DC-link capacitors also increase 
with increasing C-phase input current of the PWM rectifier 
[Fig. 8(b)].  

To confirm the proposed ripple filter for the VB control, a 
comparison simulation is conducted. Fig. 9(a) shows the 
detected voltage difference and voltage ripple “um” 
calculated by using Eq. (12) in the steady state. The voltage 
ripple “um” is nearly similar to the detected voltage 
difference, and their amplitude is approximately 43 V.  

A fundamental ripple caused by the C-phase current of the 
PWM rectifier occurs in the voltage difference. If the voltage 
ripple is not eliminated, then this ripple will be processed by 
the VB controller and added to the current instructions of the 
PWM rectifier. With the current inner-loop control, the 
voltage ripple will generate a corresponding current in the 
input currents of the PWM rectifier. Thus, the PWM rectifier 
will be out of normal operation [Fig. 9(b)]. If the control 
system adopts the ripple filter proposed in this paper, it can 
eliminate the fundamental ripple in the voltage difference 
without adding a low-pass filter, and the VB controller can 
then eliminate the DC error of voltage difference. In the 
steady state, the PWM rectifier can operate normally, and the 
input currents are balanced at 93.5 A [Fig. 9(c)]. The PF of 
the PWM rectifier is 0.99, and total harmonic distortion 
(THD) of the current is 3.2%. Thus, the proposed HSPS can 
effectively reduce harmonic currents and improve power 
quality of the system. 

A simulation is conducted (Fig. 10) to confirm the 
performance of the proposed control method with 

 
(a)  

 
(b)  

 
(c)  

Fig. 9. Comparison of waveforms for the ripple filter. (a) Voltage 
difference of DC-link capacitors. (b) Waveforms without ripple 
filter. (c) Waveforms with ripple filter. 

 
feedforward control. A disturbance of 0.05 Ω, which is in 
parallel with the load, is switched into the system at 0.7 s and 
switched off at 0.71 s.  

As the disturbance is switched into the system, the output 
voltage and current of the HSPS suddenly change. However, 
with the proposed control method, the output current can 
rapidly attenuate to the steady-state value within 0.02 s [Fig. 
10(a)]. As the load changes, the output power also varies, 
which can result in fluctuations of the DC-link voltage and 
input current of the PWM rectifier. Given that the PWM 
rectifier adopts the proposed method, two kinds of 
feedforward control signals exist. One is the feedforward of 
load power, by which it can immediately calculate the current 
instructions according to Eqs. (9) and (10) for current 
controller. The other is the feedforward of duty cycles 
calculated from Eq. (17). Thus, the control system can rapidly 
obtain the expected duty cycles of the PWM rectifier, which 
can cause it to output the expected AC voltages to rapidly 
generate the corresponding currents [Fig. 10(b)]. 

To present the results of other conditions, a disturbance of 



406                         Journal of Power Electronics, Vol. 15, No. 2, March 2015 
 

 
(a)  

 
(b)  

Fig. 10. Dynamic waveforms with a disturbance of 0.05 Ω: (a) 
waveforms of the DC/DC converter, (b) waveforms of the PWM 
rectifier. 
 
0.025 Ω is switched into the system at 0.8 s and switched 
off at 0.9 s. The results are shown in Fig. 11. 

When the disturbance occurs, the output voltage falls down 
or ascends suddenly [Fig. 11(a)]. With the proposed 
feedforward control method of DC/DC converter, the output 
voltage increases or descends rapidly to track the reference 
without vibrations. In general, DC-link capacitors can be 
considered a large inertia link. As the output load power 
changes severely, the DC-link voltage will fluctuate. With the 
proposed control method, the PWM rectifier can rapidly 
regulate the output voltage and current to charge or discharge 
the capacitors and maintain a stable voltage [Fig. 11(b)]. 

To verify the current-sharing control method of the DC/DC 
converter based on virtual resistance, dead time is used to 
simulate the parameter difference of the HSPS modules. The 
dead time of one HSPS module is set as 1 us, whereas the 
other is set as 3 us. The other circuit and control parameters 
of HSPS module are similar. The open-loop output voltages 
of two power modules and their spectrum when the duty ratio 
is set to 0.8 are shown in Fig. 12. 

Dead time can cause the loss of output voltage (Fig. 12). 
The larger the dead time, the greater the output voltage loss. 
In the spectrum of output voltages, a 0.2 V DC offset voltage 
occurs between them which will generate a non-negligible 
current-sharing error. 

To verify the performance of the proposed current-sharing 
control based on virtual resistance, a simulation comparison 
is conducted (Fig. 13). At the first time, the dead time of 
two-parallel power modules is set as 1 us, and they share with  

 
(a) 

 
(b)  

Fig. 11. Dynamic waveforms with a disturbance of 0.025 Ω: (a) 
waveforms of the DC/DC converter, (b) waveforms of the PWM 
rectifier. 

 

 
(a)  

 
(b)  

Fig. 12. Open-loop output voltages with different dead time: (a) 
output voltages, (b) spectrum of the output voltages. 

 
the load. The dead time of one HSPS module is changed to 
3 us at 0.8 s to compare the dynamic current-sharing control  
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(a)  

 
(b)  

Fig. 13. Output waveforms of the two HSPSs with two different 
control methods. (a) Waveforms with traditional dual-loop 
control method. (b) Waveforms with the proposed control 
method. 
 
performance. 

Fig. 13(a) shows the dynamic output voltage and current 
waveforms of the two HSPSs with traditional dual-loop 
control method with current-sharing control loop. Before the 
dead time disturbance, the output voltage is stable at 6.5 V 
and the output currents of the two HSPSs are stable at the 
expected value of 5 kA. When the dead time is the same, 
almost no current-sharing error occurs (io1≈io2). As the dead 
time disturbance occurs at 0.8 s, a dynamic adjustment 
process with a few vibrations will occur before the system 
stabilizes. In the steady state, a current-sharing error of 77 A 
occurs for the output currents of the two HSPSs.  

The waveforms when using the proposed control method 
with the dead-time disturbances at 0.8 s are shown in Fig. 
13(b). Given that the current-sharing control loop can rapidly 
regulate the output voltages of the two HSPSs, the output 
vibrations can be effectively suppressed and rapidly go into 
the steady state. According to the analysis above, with the 
closed-loop control of virtual resistance, the gain of 
current-sharing impedance Zh can increase to effectively 
attenuate the gain Ge/(Zo+Zh). This method can greatly reduce 
the current-sharing error caused by the offset voltage. In the 
steady state, the current-sharing error of the HSPS modules is 
almost 0 [Fig. 13(b)]. Thus, the proposed control method can  

 
(a) 

    
(b)             (c)            (d) 

Fig. 14. Implementation figures of the HSPS system. (a) Physical 
implementation diagram. (b) Physical photo of system. (c) 
High-frequency transformer. (d) DSP control board. 

 
effectively improve the current-sharing performance of the 
HSPS system. 

 

VI. EXPERIMENT AND INDUSTRIAL APPLICATION 
To verify the feasibility of the structure and the proposed 

control method, an industrial prototype of 220 V HSPS 
system is developed. For high-precision electronic copper 
project, the output of DC power supply must be 6.5 V/50 kA. 
Therefore, an HSPS system composed of 10 parallel 
6.5 V/5 kA HSPS modules (Fig. 1) is developed. The design 
and circuit parameters of the HSPS module are listed above.  

Each HSPS module adopts a TMS320F2812 as the digital 
signal processor (DSP), which is used to detect signals, 
execute algorithm, and generate the PWM drive signals for 
the IGBTs of the PWM rectifier and full-bridge inverter. The 
physical implementation diagram of the HSPS is shown in 
Fig. 14(a). The A-phase voltage is processed by the 
zero-crossing comparison circuit, and then the rising edge of 
output square wave is used to trigger an interruption by event 
manager A (EVA) of DSP. Thus, the current phase-angle of 
the PWM rectifier can be initialized in every grid period. The 
physical photos of the device are shown in Figs. 14(b) to 
14(d). The field experimental waveforms with the proposed 
control method are shown in Figs. 15 to 16. 

The input currents of the HSPS module are stable at 94.3 A 
[Fig. 15(a)]. The voltages of the DC-link capacitors are stable 
at 350 V [Fig. 15(b)]. The current waveforms are smooth 
with a THD of 4.3%, and the PF of the PWM rectifier is 
about 0.98. The power quality of the system is effectively 
improved compared with the uncontrolled rectifier. In the 
steady state, the load voltage is stable at 6.5 V [Fig. 15(c)],  
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(a)                    (b)  

 
(c)                    (d)  

Fig. 15. Experimental waveforms. (a) Three-phase input currents. 
(b) DC-link voltages. (c) Output DC-voltage of system. (d) 
Output DC-currents.  

 

 
(a)                        (b)  

Fig. 16. Experimental waveforms for current-sharing. (a) Output 
currents with traditional dual-loop control. (b) Output currents 
with the proposed current-sharing control. 

 
TABLE II   

ERRORS OF OUTPUT CURRENT OF 10 HSPS MODULES 

 
 

and the output currents of any two modules in the HSPS 
system are stable at about 5 kA [Fig. 15(d)]. 

An experimental comparison is conducted to further verify 
the proposed current-sharing control method. The 
experimental condition is similar to that in Fig. 13. 

As the dead time of one HSPS module changes, a 
current-sharing error occurs using the traditional dual-loop 
control method [Fig. 16(a)]. When using the proposed 
current-sharing control method based on virtual resistance, 
the current-sharing error is greatly reduced [Fig. 16(b)]. 
These experimental results are similar to those in Fig. 13. 
Given the dispersion of circuit parameters (L, C, and R) of the 
prototype, the current-sharing error is not 0 in the steady 
state. 

The errors of output currents (expected value: 5 kA) of the 
10 HSPS modules with the proposed control method are 

shown in Table II. The maximum error is -24 A and less than 
0.5%. Thus, the output of the HSPS modules is almost 
current sharing, and the system can operate stably by using 
the proposed control method. This proposed HSPS system 
can achieve high-quality rectification and high-current output 
to meet the requirements of electrolysis. 

The proposed HSPS technology and its device have been 
successfully installed on the industrial production line of an 
18 μm electrolytic copper foil in Jiangxi Copper Group, 
Southeast China. Compared with the traditional thyristor 
power supply, the efficiency is increased from 75% to 90% 
and the output current error is reduced from 2% to 0.5%. 
Given that the control performance of HSPS system is 
effectively enhanced, the quality of an 18 μm copper foil is 
greatly improved and the rate of the finished products is 
increased by 10%. 

 

VII. CONCLUSION 
To meet the requirements of copper-foil electrolysis, a 

6.5 V/50 kA HSPS system based on PWM rectifier is 
investigated. As for the VB control of the PWM rectifier, a 
ripple filter method is proposed to eliminate the AC ripple. 
According to the model of the PWM rectifier, a composite 
control method is proposed to improve the control 
performance of the system. To meet the process requirements 
of electrolysis, a control method with load current full 
feedforward is proposed for DC/DC converters, which can 
decay the equivalent output impedance Zo to enhance the 
anti-disturbance ability. Aiming at current-sharing of a 
multi-parallel system, a current-sharing control method based 
on virtual resistance is proposed. This method can adjust the 
current-sharing impedance Zh by virtual resistance to damp 
the gain of Ge/(Zo+Zh) without changing the system stability. 
This method can effectively decay the current-sharing error 
of power modules caused by the offset voltage. 
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