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ABSTRACT  The parallelism is a well known technique for increasing the 
power capacity of converters because it helps to overcome the current 
limitations of semiconductor devices. Multi-channel (interleaved) converters 
use a kind of parallelism that, thanks to their own particular features, makes 
it possible to map more accurately the converter output signal in a reference 
one. However, multi-channel converters present several disadvantageous. 
The most important problem consists in the fact that the output current may 
not be distributed equally in converter channels what requires additional 
components supporting this mechanism. In contrast to the generally used 
methods software only solution of the controller for balancing of current 
distribution is proposed in this paper. The controller constitutes part of  
a control system of wide-band power electronics current and voltage source. 
The paper presents an idea and principles of work of such controller. Also, 
results of converter simulation model experiments are presented. 
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1. INTRODUCTION 
 

The parallelism (a parallel connection) is a commonly used technique for 
increasing the power capacity of converters because it helps to overcome the current 
limitations in the semiconductor devices. High power converters can be built by using 
lower rating power components, what makes them more competitive. Also, the 
parallelism enables the modular construction of the converter what leads to a lower cost 
of its maintenance. Also, other connection types of a number of inverters are used – it 
concerns, e.g., of multilevel converters [10]. 
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Multi-channel (interleaved) converters, e.g., [9, 13], use a kind of parallelism 
whose characteristics include, apart from the ones mentioned above, the following: 

– the possibility of reducing the size of the passive elements or the reduction of the 
switching frequency without increasing the current or output voltage ripples so, 
e.g. cost of the converter can be reduced, 

– the possibility of increasing the regulator gain in a control system having a very 
advantageous impact on the performance of an converter – a control algorithm 
allows to match more accurately the output signal in the reference one, in 
comparison to a standard converter, 

– due to parallel connection of two converters the equivalent output impedance of 
such system is lowered, and its pass-band is extended, 

– the effective PWM carrier frequency components in the output signal is shifted 
towards higher frequencies, so the amplitude of current ripples in the output 
quantity, caused by modulation, is reduced as well – despite the decrease of 
converter output impedance. 

Next to these advantages the mechanism of action of multi-channel converters causes 
several problems; the most important ones include: 

– the converter total output current may not be distributed equally between the 
converter channels, 

– channel cross-currents are generated increasing a converter power loss. 
The present article is focused mainly on the control of the current distribution in 

converter channels without paying special attention to other problems. In contrast to the 
generally used methods, the control of the current distribution is done exclusively by 
software solution. 

The following text is divided into five sections. The first one deals with the 
commonly used solutions for balancing of a current distribution.  The second one shows 
the basic description of the multi-channel converter as an execution part of a wide-band 
power electronics controlled current or voltage source. The third one describes the 
method proposed by the author for converter control – focused on balancing of current 
distribution. The fourth part shows the results of simulation for the controlled current 
and voltage sources. The last part is dedicated to the conclusions. 
 
 
 

2. COMMONLY USED METHODS FOR BALANCING 
    OF CURRENT DISTRIBUTION 
 

Most of existing solutions proposed to overcome the unbalanced distribution of 
the current are based on the use of circuits with a magnetic coupling [3, 7]. E.g., 
[2, 3, 12] replaces the separated channel inductors with one inductor with a center 
derivation which is connected to the output of the interleaved converter while the other 
terminals are connected to the outputs of each converter connected in parallel. Owing to 
that, currents in channels are balanced naturally. If the current in one of the channels is 
greater than in the other one, it will generate an electromagnetic field in the other 
channels resulting in an additional impedance compensating an imbalance. 
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The interesting solution with resonant filters is proposed in [18]. They are 
connected in series to the DC bus tuned at the multiples of fc lower than Mfc, where M  
is the number of converter channels. This technique is based on the fact that when the 
current is distributed in a balanced way the current supplied by the DC bus has 
harmonic components only in frequencies higher than Mfc. So, if the imbalanced current 
distribution arises, the voltage drop on the resonant filters will increase. As  
a consequence, the effective DC voltage on the channel with higher current will be 
lower than that on the channel with the lower current. This ensures a natural balance in 
the total current distribution. 

Another possibility of controlling the current distribution is by feedback control 
with additional current sensors [17]. The main problem is that the modulating signals 
will not be identical to each other as the current of each channel will be controlled 
independently. Nevertheless, if the differences between the legs are not too big, the 
feedback control can be used without affecting strongly the characteristics of 
interleaving. Also, many other combined hardware and software methods of current 
distribution control can be found, e.g., [16]. A common disadvantage of all of them is 
more or less complexity in hardware. Most solutions need components based on 
magnetically coupled circuits or (and) extra components, e.g., for current (voltage) 
measurement. It results in higher dimension, weight and cost of a converter. 
 
 
 
 

3. POWER ELECTRONICS CONTROLLED CURRENT 
    AND VOLTAGE SOURCES BASED ON A MULTI- 
    -CHANNEL CONVERTER TOPOLOGY 
 

In spite of that presented concept of the controller can be implemented in any 
kind of multi-channel converter, including the widely used interleaved DC/DC 
converters, e.g., [6, 13], further consideration will be related to wide-band power 
electronics controlled current and voltage sources only. This class of converters is 
particularly focused on precision matching an output quantity (current or voltage) 
within a reference signal and has a wide range of applications in advanced power 
electronics converters [4, 5, 11, 14]. 

In Figure 1, the general structure of a voltage controlled current source (VCCS) 
and voltage controlled voltage source (VCVS) is shown. Both of them are based on a 
concept of multi-channel converter, where the total output current iREC is proportional to 
a sum of individual channel currents iL,i: i = 0, 1,…, M-1. Thus, in the case of “ideal” 
balancing of output current distribution: 
 

REC
L, : 0,  1,..., 1i

i
i a i M

M
    (1) 

 
where a  = const. In the case of VCCS, a  = 1, while for a VCVS a  < 1. 
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The controlled current and voltage sources are systems which operate in  
a closed, voltage type, negative feedback loop. Converters in an execution block are  
 

a) 
 

 
 

b) 
 

 
 

Fig. 1. General scheme of a VCCS (a) and a VCVS (b) with a controller 
for balancing of a current distribution 

 
 
controlled in PWM mode with the constant value of a carrier frequency, e.g., [9]. One of 
the fundamental blocks of the controlled source is a passive low-pass filter at the output 
of converter(-s). It minimizes the amplitude of PWM carrier components in the output 
(receiver) current and enables the converter to meet the requirements of EMC. 
 

The general structure of VCCS and VCVS consists of two main internal 
modules, the control module (CM) and the execution module (EM). The control module 
includes the following internal blocks: 

– adder (A), calculating the error signal uerr as uerr = uref - ufb, 
– regulator of the output signal with the gain factor of k0, 
– M-order multi-dimensional sampling-and-hold system (MSHS) consisting of 

M connected in parallel Sample-and-Hold Amplifiers, 
– controller for balancing of current distribution (CBCD). 

 
The execution module includes the following: 

– M connected in parallel half-bridge type converters controlled in PWM mode 
with fc of a carrier frequency, 

– passive output filter (L or LC type), 
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– current (CT) or voltage (VT) transducer measuring the feedback voltage ufb 
being proportional to the output current iREC or to the output voltage uREC of the 
converter, respectively. 

 
The converter is loaded by the receiver expressed as ZREC impedance and 

controlled by a reference voltage refu  at the input of the CM. 

Sampling instants in individual channels of the MSHS block are shifted relative 
to each other by the Ts/M time, where Ts is a master sampling period. Also, PWM 
carrier signals in individual channels of the EM are shifted by the same period of time. 
The general principles of operation of the MSHS are derivative of the Generalized 
Sampling Expansion (GSE) proposed by Papoulis [1] as an extension of Whittaker-
Kotelnikov-Shannon sampling theory. The theory of operation of the multidimensional 
sampling-and-hold system and its role in the control system of a multi-channel 
converter has been the subject of other studies by the author [8, 9]. 
 
 
 

4. OPERATION PRINCIPLE OF THE CONTROLLER 
     FOR BALANCING OF CURRENT DISTRIBUTION 
 

Investigations of the multi-channel converters point at a spectrum of the error 
signal uS,i aliasing phenomenon [15] as the main reason for the loss of information 
about this one. This, together with different sampling instants of the error signal uerr  in 
individual MSHS channels, can make signals uS,i different as well. The MSHS signal 
sampling process, involving the small-signal model of this module, is shown in details 
in Figure 2. 
 
 
 

 
  

Fig. 2. Example of the error signal uerr and its sampled images uS,i in 
individual channels of MSHS for the case of M = 3 
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Waveforms uS,i of the sampled error signal uerr are different in the individual 
MSHS channels. As result, the individual converter channel currents are also different. 
This phenomenon is illustrated in Figure 3 where the work of the VCCS small-signal 
model is analyzed for two cases of the reference signal shape. 

 
a)       b) 

 

  
 

Fig. 3. Waveforms of the error signal, receiver current and channel currents in the VCCS 
small-signal model for the case of M = 3 and: a) sinusoidal shape of the reference signal;  
b) rectangular shape of the reference signal 

 
 

The first case concerns the sinusoidal reference signal, thus, the band of error 
signal is limited. The second one refers to the rectangular one resulting in the spectrum 
of error signal beyond the Nyquist band. Because the assumed receiver impedance 
ZREC = 0, the receiver current is just the sum of channel currents allowing for a reliable 
evaluation of the system properties. 

In the case of the limited band of error signal spectrum the channel currents are 
distributed properly (Fig. 3a). In the opposite case (Fig. 3b) channel currents are 
different in amplitude significantly. 

The proposed idea of the system independence, software only solution of  
a controller for balancing of the current distribution, focuses on two aspects of CM 
operation: 

– increasing the effective sampling frequency of the error signal in individual 
channels of CM, 

– obtaining the same shape of control signals in each of CM channels. 
 

Meeting these objectives results in the extension of the Nyquist band of CM and 
comparable properties of 1,...,1,0:D,  Mju j  signals at the input of the execution 

module (i.e. input of pulse modulators). This effect can be obtained with the aid of the 
signals interleaving process (SIP) which is the basis of the CBCD module work. This 
process allows for a suitable shape of the individual output signal juD,  of the CBCD 

which comprises an in-time sequence of CBCD input signals. The every next CBCD 
output signal sequence consists of rotated by one position – in relation to the CBCD 
input channel number – the same input signal sequence. The signal sequence rotation 
time interval is, in other words, the SIP work interval SIPT :    CnTnnT  :1, ssSIPT . 
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The CBCD module works on the MM   dimensional array consisting of a set 
of signals , : , 0,  1,..., 1j ku j k M  , where j  is the CBCD output channel number and 

k  is the number of time slot in the SIPT  interval. An individual cell of the array 

contains a S, : 0,  1,..., 1iu i M   signal sample. The structure of the array is shown in 

Figure 4. 
 
 

 
 

Fig. 4. Structure of the signal processing 
array in the CBCD module 

 
Formally, the rule of the CBCD module work is defined by the following 

equation in a time domain: 
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and the rect() function is defined as 
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The equation above respects both, a signal sampling and a signal holding 
processes realized by the CBCD module. The sampling period TD of a uD,j signal is  
M-times decreased, comparing to the period of the input signal uS,i and, therefore, is 
equal to Ts/M. Thus, the Nyquist band of the output signal is now M- times extended.  

 
 

 
 

Fig. 5. The step response of the VCCS small-signal model with the CBCD 
module 

 
The selected simulation result of the VCCS small-signal model is shown in 

Figure 5. It concerns model parameters as follows: M = 3, Li = 2.5 mH, and ZREC = 0. 
The model has worked closely to a system stability border, hence, the duration 

of the transition state is relatively long. However, in the steady state, the value of the 
component current iL,i is equal to 1/3 of the total output current iREC with the error below 
of 1.5%. This confirms high effectiveness of the current balancing algorithm. 
 
 
 

5. SIMULATION EXPERIMENTS 
 

The complex studies of the VCCS and VCVS simulation model with the 
controller for balancing of current distribution have been done in OrCAD/Pspice 
environment. They make it possible to evaluate not only effectiveness of the controller 
operation but also the impact of the CBCD on matching of the output quantity 
waveform in the reference signal. Basic simulation model parameters have been as 
follows: converter DC link voltage UDC = 60120 V, M = 2, 3, Ts = 100 μs, fc = 10 kHz, 
kind of PWM – two-sided, Li = 2.5 mH, C  = 1 μF, the receiver resistance in the VCCS 
model RREC = 0.01÷1  while in the VCVS model RREC = 2÷20 , and the nominal 
amplitude of the output current IREC,n = 12 A. Ready to use models of power electronics 
devices that are implemented in OrCAD/PSpice have been modified towards real 
devices utilized in LABINVERTER evaluation system [19]. 

Some results of the studies, representative for real operation conditions of the 
VCCS and the VCVS, are presented in Figures 6 and 7. These assume M = 3. The upper 
figure shows waveforms in the simulation model with the CBCD module being turned 
off while the lower ones for the CBCD being turned on. The presented waveforms refer 
to the case of the rectangular shape of the reference signal which is the most demanding 
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in the performance of the controlled source work. Used in the following text the 
formulation “CBCD is turned off” means that D, S, :  0,  1,  2i iu u i  . In other words, 

individual inverters are controlled by S, :  0,  1,  2iu i   signals directly. 

 
a)       b) 

 

  
 
Fig. 6. Waveforms of the reference signal, receiver current and channel currents in the 
VCCS simulation model for the case of rectangular shape of reference signal while:  
a) CBCD is turned off; b) CBCD is turned on 

 
 
a)       b) 
 

  
 
Fig. 7. Waveforms of the receiver voltage, receiver current and channel currents in the 
VCVS simulation model for the case of rectangular shape of reference signal while: 
a) CBCD is turned off; b) CBCD is turned on 

 
 

Results of investigations indicate that, while the CBCD module is turned off, the 
distribution of the output current is strongly imbalanced. Also, these results confirm the 
assumed efficiency of work of the proposed solution of the controller. In the case of the 
VCCS the maximal registered spread of the average value of channel currents has not 
excided 3% of the nominal value of output current (divided by M, i.e., by 3). For the 
VCVS this error has been even lower due to the output filter limits band of the ufb 
signal. Because the CBCD does not include any additional delay in the system signal 
path, it does not affect the stability of the system. In consequence, it has a negligible 
impact on the converter output signal parameters. 
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6. CONCLUSIONS 
 

The proposed digital controller for balancing of current distribution fulfills the 
assumed task with small only spread of current values in individual channels of the 
converter. Its effectiveness has been confirmed by the research on small-signal and 
simulation models of wide-band controlled current or voltage sources with this 
controller in their control block. Moreover, the proposed approach to the control system 
retains the basic characteristics of its original small-signal model. Owing to that impact 
of the controller on the quality of the converter output current or voltage is negligible. 
Thus, the proposed solution seems to be an economically attractive alternative to the 
commonly used methods of current distribution control. 

Researches of the laboratory model of a power electronics active filter based on 
the VCCS with CBCD will be the next step which is planning to take. 
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CYFROWY KONTROLER ROZPŁYWU PRĄDÓW 
W PRZEKSZTAŁTNIKU WIELOKANAŁOWYM 

 
 

Michał GWÓŹDŹ 
 

STRESZCZENIE Łączenie równoległe przekształtników jest przyjętym 
sposobem zwiększenia mocy dysponowanej dla zasilania odbiorników 
energii elektrycznej. W przypadku przekształtników wielokanałowych (ang. 
„intereleaved”) możliwe jest również uzyskanie lepszej wierności odwzoro-
wania energetycznego sygnału wyjściowego w sygnale referencyjnym 
(odniesienia). Przekształtniki te mają jednak, co najmniej jedną niekorzystną 
cechę związaną z tym, że prąd wyjściowy może nie rozpływać się równo-
miernie w poszczególnych kanałach. Wymaga ona stosowania dodatkowych 
rozwiązań sprzętowych, wspomagających mechanizm równoważenia rozpływu 
prądów. W przeciwieństwie do powszechnie używanych metod, w pracy 
przedstawiono propozycję kontrolera rozpływu prądów rozwiązanego wyłącznie 
programowo. Możliwe jest przez to ograniczenie kosztów, stopnia złożoności 
oraz gabarytów przekształtnika. W pracy przedstawiono zasadę pracy 
takiego kontrolera w sterowanym energoelektronicznym źródle napięcia  
i prądu. Zamieszczono w niej również wybrane wyniki badań modelu symu-
lacyjnego układu. 

 
Słowa kluczowe: przekształtniki wielokanałowe, równoważenie rozpływu 
prądów, sterowanie przekształtnikami 
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