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Abstract 
 

Step-up DC-DC converters are the key parts of low voltage PV systems. 
Since parallel connected PV modules are connected directly to the 

converter, its driving algorithm should utilize maximum power point 

tracking (MPPT). Prior to implement such algorithms the dynamics of 
step-up DC-DC converter need to be investigated. On the example of an 

interleaved step-up DC-DC converter the paper presents a procedure to 

determine the converter stability, controllability and its dynamic 
characteristics. 
 
Keywords: PV systems, step-up DC-DC converter, modeling, stability, 
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Modelowanie dynamiki wielosekcyjnego 
podwyższającego przekształtnika DC-DC  
do zastosowań w systemach 
fotowoltaicznych 

 

Streszczenie 

 
Przekształtniki podwyższające DC-DC są kluczowymi elementami 
niskonapięciowych systemów fotowoltaicznych (PV), w których moduły 
fotowoltaiczne są ze sobą połączone równolegle tworząc panel. Ponieważ 
panel fotowoltaiczny znajduje się bezpośrednio na wejściu przekształtnika 
w jego sterowaniu powinien zostać użyty algorytm śledzący punkt 
maksymalnej mocy panela PV (MPPT). Zaimplementowanie takiego 
algorytmu jak też syntezę regulatora w zamkniętej pętli sprzężenia 
zwrotnego powinno poprzedzać zbadanie dynamicznych właściwości 
przekształtnika takich, jak: charakterystyki częstotliwościowe (Bodego), 
odpowiedź na skok jednostkowy oraz stabilność i sterowalność. 
Zasadniczym zadaniem jest opracowanie modelu przekształtnika czyli 
wyznaczenie równań stanu oraz na ich podstawie transmitancji. Niniejszy 
artykuł prezentuje na przykładzie wielosekcyjnego przekształtnika 
podwyższającego DC-DC procedurę sprawdzania stabilności  
i sterowalności przekształtnika oraz wyznaczania jego charakterystyk 
dynamicznych w celu weryfikacji projektu. 
 
Słowa kluczowe: systemy fotowoltaiczne, podwyższające przekształtniki 

DC-DC, modelowanie, stabilność, sterowalność. 

 

1. Introduction 
 

In low voltage photovoltaic systems where array is composed of 

PV panels connected in parallel [1] the energy is delivered to the 

converter at low voltage (20VDC to 50VDC). In such conditions 

step-up DC-DC converters are exposed to a relatively high input 

current which is the sum of individual PV panel currents (Fig. 1). 

 

 

 
 

Fig. 1. Example of a low input voltage system with an array of parallel connected 

PV panels 

Rys. 1. Przykład niskonapięciowego systemu fotowoltaicznego z połączonymi 

równolegle modułami fotowoltaicznymi 

 

 

1.1. Interleaved  step-up DC-DC converter 
 

The discussed interleaved step-up DC-DC converter (Fig. 2a) is 

non-isolated (transformerless) boost topology [2] comprising n 

phases of a modified flyback converter. The phases of converter 

are driven interchangeably. In the example of a 3-phase converter 

in Fig. 2b the gate driving signals of transistors S1, S2 and S3 are 

phase shifted by 2π/3 electrical angle switched at duty cycle  

D = 0.67. 

Contrary to the legacy flyback topology [3] the windings of 

both primary L1k and secondary L2k inductors (k = 1,2, ..., n) are 

connected together. That allows the input inductor L1k leakage 

energy to be transferred directly to the output through clamping 

diode DCk. DCk prevents transistor drain-to-source voltage to 

excess the level of Vo at transistor turn off transient. The required 

level of the voltage gain is achieved by the duty cycle of transistor 

gate driving signals D adjustment and utilization of coupled 

inductors [5] whose turns ratio N2 to N1 is N. 

 

 

 
 

 
 

Fig. 2. Interleaved step-up DC-DC converter 2a), driving signals of n = 3-phase 

converter 2b) 

Rys. 2. Wielosekcyjny podwyższający przekształtnik DC/DC 2a), sygnały 

sterujące n = 3-fazowego przekształtnika 2b) 

 

Assuming identical Sk transistors, Dk diodes and coupled 

inductors in each single phase the current i1k is equal to i over 

number of working phases n. 

The energy discharging through clamping diode DCk is 

relatively low. Neglecting the discharge of leakage energy right 

after transistor turn off transient the clamping diode DCk can be 

omitted. Fig. 3 presents the equivalent circuit of a single phase 

where input current i is n-th fraction of the total input current i 

sourcing n-phase step-up converter. 
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Fig. 3. Equivalent circuit of a single phase of the step-up DC-DC converter  

during 3a) DT switching period, 3b) (1-D)T switching period 

Rys. 3. Schemat pojedynczej sekcji przekształtnika podwyższającego DC-DC 

podczas części okresu 3a) DT oraz 3b) (1-D)T 

 

 

2. Converter dynamics examination 
 

2.1. State space equations 
 

When formulating the space state equations and thus the model 

of the n-phase converter [4] some assumptions should be made. 

All phases are composed of identical components. For the sake of 

simplicity of the model the components are considered ideal. 

Considering n working phases for both switching periods DT (Fig. 

3a) and (1-D)T (Fig. 3b) the following equations can be 

formulated: 
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Taking into account 
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we obtain: 
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  at (1-D)T  (9), (10) 

 

where input inductor current i and output capacitor voltage v0 are 

state space variables. Applying volt-second balance [3], [6] and 

thus averaging the state space variables i and v0 across the single 

switching period T the following equations can be formulated: 

 
   

  
 

        

       
     

         

       
                 (11) 

 

  
    

  
 

   

         
    

  

    
               (12) 

 

After re-arrangement of equations (11) and (12) the state space 

system equations can be presented as: 
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where: 
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       and                    (17), (18) 

 

In the steady state when 
   

  
   at settled values of V0 and Vi the 

formula for the converter voltage gain can be derived from (11): 
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2.2. Transfer function 
 

The transfer function of the converter considered as the 

sensitivity of the output voltage v0 to the input voltage vi changes 

can be derived from (15), (16) and (17) as follows 

 

   
                   

       

             

          

     
 

    
  

      

          

       (20) 

 

The above result (20) reveals that in the presented model the 

transfer function of the converter does not depend on the number 

of working phases n. 

 

2.3. Frequency response 
 

The examples of dynamic performance of the converter 

presented below are given for fixed values of C = 960uF,  

L = 64uH and turns ratio N = 3 at load resistance of R0 = 65Ω. 

Figs. 4a) and 4b) show Bode plots. 

 

 

 
 

 
 

Fig. 4. Bode amplitude plot 4a) and phase plot 4b) 

Rys. 4.  Wykresy Bodego: amplitudowy 4a) i fazowy 4b) 
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2.4. Step response 
 

In order to examine the converter response time, it is essential 

to check the settling time of the output voltage v0 as the result of 

unit Heaviside step function excitation at the input. The step 

response of the converter in time domain can be calculated as 

invert Laplace transform of the transfer function with respect to s, 

i.e. 
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For duty cycles of 0.6, 0.7 and 0.8 the step responses of the 

converter can be defined as follows and the plot of them is 

presented in Fig. 5. 
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Fig. 5. Step response of the converter at three different duty cycles of 0.6, 0.7  

and 0.8 

Rys. 5.  Odpowiedź skokowa konwertera przy trzech współczynnikach  

wypełnienia sygnału sterującego 0.6, 0.7 i 0.8 

 
To achieve the required output voltage i.e. around 360V or 

more while working with 40V PV panels, the voltage gain of at 

least 9 is required. Covering the variation of the input voltage 

caused by the MPPT driving algorithm the range of duty cycle 0.6 

to 0.8 should satisfy that requirement as it is shown in Fig. 5. The 

settling time is strongly dependent on the output resistance i.e. the 

load current and varies from hundreds of milliseconds up to 

seconds at light loads. 

 

2.5. Stability and controllability examination 
 

Since the output capacitance C and inductor inductance L (Leq) 

as well as turns ratio N are constant topological variables, the 

control of the converter can be performed by adjusting the duty 

cycle D , input voltage Vi and output load current (or the output 

resistance R0). The poles of the transfer function (20) P0 and P1 

are: 
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However, Figs. 4 and 5 show that the converter is stable for the 

given duty cycles. It would be the figure of merit to determine the 

ranges of steering values such as R0 and D at which the converter 

remains stable [7]. Fig. 6 shows the proximity of the real parts of 

poles P0 and P1 to j=0 axis (i.e. stability degree of the system) as  

a function of the steering variables R0 and D under the assumption 

of constant input voltage Vi. 

To prove the system stability, the real parts of poles P0 (25) and 

P1 (26) of the transfer function (20) denominator should be 

negative. Fig. 6 shows the stability degree of the system where the 

real parts of both poles are negative besides the case when D = 1 

or R0 = 0 which defines the short circuit condition. The same 

happens when R0→∞ which is the open circuit condition. Thus it 

is possible to determine the ranges of R0 and D at certain level of 

the designed stability degree where the converter remains stable. 

 

 

 
 

 
 

Fig. 6. Stability degree plots of pole P0 6a) and pole P1 6b) vs. duty cycle D  

and output resistance R0 

Rys. 6.  Wykresy współczynników stabilności biegunów P0 6a) i P1 6b)  

w funkcji współczynnika wypełnienia D i rezystancji wyjściowej R0 

 

According to [8] a dynamical system  

 

                        (27) 

 

is said to be controllable if for every initial condition x(0) and 

every vector x1 ∈   Rn, there exist a finite time t1  and control u(t) 

∈   Rm, t ∈   [0, t1], such that x(t1; x(0), u) = x1. A dynamical 

system of n-dimmensional state variable vector is controllable if 

and only if rank of controllability Kalman matrix 

 

                         ]   (28) 

 

is equal to n. 
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For the 2-dimmensional system (13) the converter Kalman 

matrix (27) is: 

 

        

         

       
 

 
           

         

                 (29) 

 

Hence to check whether the converter is controllable, the rank 

of A matrix (15) should be equal to the rank of Kalman matrix (B, 

AB). 

We can see in formula (29) that the product of AB 

multiplication (15), (16) does not depend on R0. The rank of (B, 

AB) pair is always 2 whereas rank(A) is 1 when D→1 and/or 

R0→∞. In such conditions the converter is not controllable. 

Therefore, to secure converter controllability in practical 

applications, extreme duty cycles should be avoided and the load 

should not be disconnected from the output. 

 

3. Conclusion remarks 
 

The procedure to verify DC-DC converter design and to 

determine converter dynamic features as well as stability and 

controllability has been presented on the example of the 

interleaved step-up DC-DC converter. In the presented model of 

the step-up DC-DC converter the number of working phases does 

not have the impact on dynamic characteristics of the converter. 

The stability and controllability examinations show a practical 

drawback that the controller should not be driven with the extreme 

duty cycle and the load must be present at the output. Moreover, 

heavy loads exert an influence on the stability of the converter. 

The procedure to determine dynamical features of a DC-DC 

converter presented above can be easily adopted to other 

topologies which utilize PWM driving scheme. 
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