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Abstract—Solar and magnetic energy harvesting may benefit 

from the use of current-sourced converters for interfacing those 
sources into the practical usage due to their current-source 
nature. The paper investigates the implementation and dynamics 
of such converters by means of a current-sourced buck 
converter. Duality concepts are applied to obtain the converter 
from the corresponding voltage-sourced buck converter. The 
dynamic analysis is carried out in continuous capacitor-voltage-
mode under direct-duty-ratio control. The theoretical findings 
are verified by extracting the transfer functions from the 
Matlab™-Simulink-based switching models.  
 

Index Terms— Current transformer, buck converter, 
dynamics  
 

I. INTRODUCTION 
HE voltage-input or sourced converters are the basic media 
for transferring energy from a source into another due to 

the dominating nature of the voltage sources as energy 
supplies [1]-[5]. Inherently those converters are usually 
voltage sources, which can be converted into current sources 
by providing feedback from the output current [1],[2],[6] or 
by using current-mode control at open loop [7],[8]. It shall be, 
however, noticed that the output-voltage feedback changes the 
current-mode-controlled converters back into voltage sources 
at closed loop. Sometimes the voltage-sourced converters are 
erroneously named as current-sourced converters as in [9]. 

There are energy sources such as solar cells or arrays [10]-
[13] and superconductive magnetic energy storage (SMES) 
systems [14],[15], which have current-source nature. Most 
often the interfacing converters used to connect the solar 
arrays into the rest of the power system are conventional 
voltage-sourced converters [12],[13] requiring a sufficiently 
large capacitor to be connected at the input of the converter. 
The converters used to interface SMES systems are usually 
current-sourced converters as discussed in [14],[15]. Also the 
solar-array interfacing may benefit from the use of real 
current-sourced converters. 
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The paper investigates the implementation of the current-

sourced converters and the dynamics related to them. Duality 
concepts can be applied to construct the power stages from the 
corresponding voltage-sourced converters as described in 
detail in [16]-[19]. Direct-duty-ratio control is the basic 
controlling mode of current-sourced converters similarly to 
voltage-sourced converters [4],[5]. Therefore, the basic 
dynamics of the converter can be found applying the method 
known as state space averaging (SSA) described in detail in 
[5] and [20].  Current-sourced buck converter is used as an 
example. The theoretical predictions are validated extracting 
the frequency responses from the Matlab™-Simulink-based 
switching models.  

The rest of the paper is organized as follows: The duality 
transformation methods are introduced and applied to a buck-
type converter in Section II. The general dynamic description 
of the current-sourced converter as well as its average and 
small-signal modeling are introduced in Section III. The 
power-stage design issues and the dynamics extracted from 
the switching model are presented in Section IV. The 
conclusions are drawn in Section V. 

II. DUALITY TRANSFORMATION METHODS 

A. Duality Transformation Principles 
The duality concept is well known in circuit theory [16] and 

applied already in late 1970s to construct current-sourced 
converters from the corresponding voltage-sourced converters 
[17]. 

The application of duality transformation to the basic circuit 
elements such as voltage and current sources, inductors, 
capacitors, open and closed switches usually constituting the 
different topologies produces the duals as shown in Fig. 1, 
where Dx denotes the duality operator.  
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Fig. 1.  Element-wise duality transforms. 
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 Different electric circuits can be presented by using graphs, 
where each arc represents a certain circuit element in the 
selected topology. In this case, the voltage-input circuit is 
naturally the base from which the first graph will be 
constructed. The dual of the graph can be constructed in such 
a way that the arcs connected in series in the original graph 
will be connected in parallel in the dual of the graph and the 
parallel connected arcs in series, respectively. The 
corresponding current-input circuit will be obtained from the 
graph by connecting the duals of the elements (Fig. 1) as the 
graph dictates.  These procedures are illustrated in Fig. 2 
based on a simple LC -filter circuit. 
 

 

B. Current-Input Buck Converter 
A conventional voltage-input buck converter with 

synchronous rectification is shown in Fig. 3a. The 
corresponding graph, where onS  denotes the high-side 
MOSFET and offS  the low-side MOSFET, is shown in Fig. 
3b.   

 Applying the methods described above in Subsection A, the 
graph of the voltage-input buck converter in Fig. 3b can be 
transformed into its dual as shown in Fig. 4a. The arcs of the 
dual of the graph determine the elements and their connections 
and thus the topology of the current-input buck converter as 
shown in Fig. 4b. 
  

III. DYNAMIC REPRESENTATIONS 
 The dynamics of the voltage-input-voltage-output 

converter can be represented by means of a linear two-port 
network with G-parameters (Fig. 5) [2],[3],[20], which 
constitute the set of transfer functions given by 
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where [ ]ˆ T

in oî u denotes the output vector and 

ˆˆ ˆ
T

in ou i c⎡ ⎤⎣ ⎦ the input vector (See Fig. 3a). The general 

control variable is denoted by ĉ . The transfer functions in (1) 
represent the pure internal dynamics, where the load and 
source effects are eliminated. 
 

 
Fig. 2. LC -filter: a) Voltage-input schematics, b) Its graph, c) The dual of 

the graph and d) Current-input schematics. 

 
 
Fig. 3. Voltage-input buck converter: a) Schematics and b) Graph.

 
 
Fig. 4. Current-input buck converter: a) Graph and b) Schematics. 

 
 
Fig. 5.  Linear  two-port network with G-parameters. 
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 The dynamics of the current-input-current-output converter 
can be represented by means of a linear two-port network with 
H-parameters [20] (Fig. 6), which constitutes the set of 
transfer functions given by 
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where ˆˆ
T

in ou i⎡ ⎤⎣ ⎦ denotes the output vector and 

ˆ ˆ ˆ
T

in oi u c⎡ ⎤⎣ ⎦ denotes the input vector (See Fig. 4b). The 

general control variable is denoted by ĉ .  Similarly to the 
voltage-input converter, the transfer functions in (2) represent 
the internal dynamics of the current-input converter. 
 

 
 

A. Average and Small-Signal Modeling 
The average and small-signal modeling of a current-input 

converter can be done similarly to the voltage-input converter 
by applying state-space-averaging (SSA) technique introduced 
in detail in [5] and [21]. We consider the converter to operate 
in continuous conduction mode (CCM), which means that the 
capacitor voltages are continuous similarly to the inductor 
currents in the voltage-input converters. The state variables of 
the system are the time-averaged values of the capacitor 
voltages and inductor currents [21]. In order to construct the 
averaged state space, we have to solve the derivatives of the 
capacitor voltages and inductor currents during the on and off 
times. The averaging is carried out by multiply the on-time 
equations with the duty ratio d  and the off-time equations 
with the complement of the duty ratio d ′ and summing them 
together. Similar procedures are applied to the output 
variables ( inu  and oi ) for obtaining the output equations. The 
small-signal state space can be obtained from the averaged 
state space by developing the proper partial derivatives, i.e., 
by linearizing the averaged state space [21]. 
 The open-loop current-input buck converter with the 
relevant parasitic elements is shown in Fig. 7. During the on 
time, the high-side MOSFET conducts and the corresponding 
topological circuit is shown in Fig. 8a. During the off time, the 

low-side MOSFET conducts and the corresponding 
topological circuit structure is shown in Fig. 8b, respectively. 

 
 Applying the above described procedures and Kirchhoff’s 
voltage and current laws, the averaged state space can be 
given by  
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The steady-state operating point can be solved from (3) by 

letting the derivatives to be zero. These procedures yield 
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 The small-signal state space can be solved from (3) by 
developing the proper partial derivatives, which yields 

 
 
Fig. 6.  Linear  two-port network with H-parameters. 

 
 
Fig. 7.  Current-input synchronous buck converter. 

 
 
Fig. 8.  Current-input buck converter during the a) on time and b) off time. 
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 A small-signal two-port model similar to the canonical 
equivalent circuit provided in [5] can be constructed from the 
small-signal state space in (5) as shown in Fig. 9. The 
parameters ˆ( )e s , ˆ( )j s  and er  can be given by 
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 The transfer functions constituting the H-parameters in (2) 
can be solved from (5) in Laplace domain by utilizing the 
conventional matrix manipulation methods. These procedures 
yield the open-loop transfer functions as follows: 
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 For comparison, we give the open-loop transfer functions of 

the corresponding voltage-input converter constituting the G-
parameter set in (1) as follows (21): 
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 The small-signal equivalent circuit [5] for the voltage-input 
buck converter can be given as shown in Fig. 10, where the 
parameters ˆ( )e s , ˆ( )j s  and er can be given by 
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 The small-signal equivalent circuits shown in Figs. 9 and 10 
offer excellent physical insight into the internal dynamics of 
the converters and thereby, reveal explicitly the similarities 
and differences they have in terms of internal dynamics. 
  

IV. PRACTICAL DESIGN AND DYNAMIC ISSUES 
The inductors in a voltage-input converter are typically 

chosen allowing a certain peak-to-peak ripple current to 
appear in an inductor, which is in the order of 20-40 % of 
their average current. The output capacitor is chosen such that 
the output-voltage dip will be less than a certain value, when 
the output current is changed step-wisely for a certain amount. 
Similar methods can be also applied in the case of the current-
input converter but the ripple definition will be applied to the 
capacitors and the transient specifications to obtain the value 
of the output inductor, respectively. 

 
 
Fig. 9.  Small-signal equivalent circuit of the current-input buck converter. 

 
 
Fig. 10.  Small-signal equivalent circuit of the voltage-input buck converter.
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The ripple voltage of the capacitor is triangular shaped, 
because it is charged and discharged by means of effectively 
constant currents. The up slope of the voltage ( 1m ) can be 

given by in Li i
C
−

 and the down slope ( 2m ) by Li
C

. This means 

that the peak-to-peak ripple voltage can be given by 
 

 
( )s in o

C pp
DT I I

u
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−
Δ =  (10) 

and the average slope of the capacitor voltage by 
 

 C in od u D i i
dt C
〈 〉 〈 〉 − 〈 〉

=  (11) 

 
The value of the capacitor ( C ) can be naturally solved 
according to (10), when the ripple value is specified. 
 The output-voltage step change ( oUΔ ) causes DC voltage 
to appear over the inductor for a time /( / )o Ct U d u dtΔ = Δ 〈 〉 . 
The resulting volt-seconds / 2ot UλΔ = Δ ⋅ Δ  would cause an 
undershoot or overshoot in the output current, which can be 
given by  
 /oi LλΔ = Δ  (12) 
 
The value of the output inductor ( L ) can be naturally solved 
according to (12), when the transient specifications are given. 
 

A. Circuit Element Selection 
The design of the converter will be carried out by using the 

following specifications: 1 - 2 AinI = , 3 - 5 VoU = , 
0.5 AoI =  and 100 kHzsf = .  The allowed capacitor-voltage 

peak-to-peak ripple is 20 % of the nominal value and the 
output-current dip 10 % of the nominal value, respectively.  
These specifications yield 10 μFC ≈  (Eq. (10)) and 

500 μHL ≈ (Eq. (12)). The circuit parasitic elements are taken 
as follows: 0.2 ΩLr = , 30 mΩCr =  and 1 2  0.2 Ωds dsr r= = . 

The simulations have been carried out by using Matlab™ 
Simulink Toolbox, where the switching models are 
constructed by means of the on and off-time state spaces (Fig. 
8), which are implicitly observable also in (5): Fig. 11a shows 
the main simulation set-up and Fig. 11b the PWM-modulator 
block. Fig. 12 shows the power-stage models. 

The simulated capacitor voltage and output current are 
shown in Figs. 13 and 14. The capacitor-voltage waveforms 
resemble the inductor-current waveforms typically observed 
in a voltage-input converter and the output-current waveforms 
the output-capacitor waveforms, respectively. These 
phenomena are expected due to the applied duality 
transformations, when constructing the current-input 
converter. 
 
 

 

 

 
 
Fig. 11.  a) Main simulation set-up and b) PWM-block model. 

 
 
Fig. 12.  Power-stage simulation models: a) Main set-up, b) Inductor-current

block and c) Capacitor-voltage block. 
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B. Dynamic Evaluation 
The dynamic evaluation of the predicted transfer functions 

in (7) is basically done in such a way that a sinus signal is 
injected on the top of the original input signal into the port 
serving as the excitation input and the corresponding respond 
is recorded from the port serving as the response output. The 
single-frequency value of the impulse response is computed 
based on the response and injection data applying Fast Fourier 
Transformation (FFT) method. A Matlab™ script is 
constructed to execute the required FFT procedures. The 
frequency range of interest is scanned with an appropriate 
number of injections. The control-to-output transfer function 
( coG ), input-to-output transfer function ( io oG − ) and the output 
admittance ( o oY − ) are subjected for the evaluation. 
 Similarly to the VMC-controlled voltage-input converter 
operating in CCM, the VMC-controlled current-input 
converter would exhibit resonant behavior having resonant 
frequency at 2.25 kHz. 

 

Control-to-Output 
 
 The frequency responses of the control-to-output transfer 
function ( coG ) are shown in Fig. 15 at the input current of 1 A 
and 2 A, respectively. The responses resemble the 
corresponding responses of the voltage-input converter. The 
dots denote the switching-model-based (Figs. 11 and 12) 
responses, which coincide exactly with the predicted 
responses (7). 

 
 
Input-to-Output 
 
 The frequency responses of the input-to-output transfer 
function ( io oG − ) are shown in Fig. 16 at the input current of 1 
A and 2 A. The responses resemble the responses of the 
corresponding voltage-input converter. The dots denote the 
switching-model-based responses coinciding exactly with the 
predicted responses (7).  

 
 

 
Fig. 13. Capacitor-voltage waveforms at the input current of 1 A and 2 A. 

 
Fig. 14. Output-current waveforms at the input current of 1 A and 2 A. 

 
 
Fig. 15.  Control-to-output transfer functions at the input current of 1 A 

(dashed line) and 2 A (solid line). 

 
 
Fig. 16. Input-to-output transfer function at the input current of 1 A (dashed 

line) and 2 A (solid line). 
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Output Admittance 
 
 The frequency response of the output admittance is shown 
in Fig. 17, where the dots denote the switching-model-based 
responses. The shape of the response corresponds to the input 
admittance of the voltage-input converter not the output 
impedance.  

 

V. CONCLUSIONS 
The paper investigated the implementation and dynamic 

modeling of current-input converters. Buck-type converter 
was used as an example. It was shown that the duality 
principles and graph technique can be used to obtain the 
power stage of the current-input converter from the 
corresponding voltage-input converter. The dynamic models 
of the direct-duty-ratio control can be obtained by applying 
stage-space averaging yielding accurate models up to the half 
the switching frequency.  The obtained frequency responses 
resemble the responses of the voltage-input converter. The 
practical problems with the current-input converters would be 
related to the auxiliary-power generation. 
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