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    Abstract- Photovoltaic (PV) to virtual bus Parallel 
Differential Power Processing (PDPP) architecture can 
mitigate mismatch losses among PV strings. This paper 
presents a comprehensive dynamic analysis by deriving a 

small-signal model of the PDPP architecture based on its 
state space model. Subsequently, the corresponding 
transfer functions and frequency response are obtained, 
offering valuable insights into the dynamic behavior of the 

architecture. To validate the accuracy of the derived model, 
the frequency response has also been achieved by 
observed data from both PLECS simulation and experiment 
through system identification. Besides, this paper 

discusses the design considerations of the discrete 
controllers’ parameters for both virtual and intermediate 
bus voltages and studies the stability of the architecture. 
Experimental measurements confirm the ability of the 

central controller to stabilize the virtual bus voltage to the 
desired level within 0.6 seconds, while the intermediate bus 
voltages settle within 15 milliseconds, enabling proper 
Maximum Power Point Tracking of each PV string. 

Index Terms – Photovoltaic System, Differential Power 
Processing, System Identification, Small Signal Modelling, 
Photovoltatronics. 

NOMENCLATURE 

A. LIST OF ACRONYMS 
BL Bridgeless 
CCM Continuous Conduction Mode 
CPSD Cross Power Spectral Density 

DAB Dual Active Bridge 
DMPPT Distributed MPPT 

DPP Differential Power Processing 
GUI Graphical User Interface 
KCL Kirchhoff's current law 
LCOE Levelized Cost of Electricity 
MPPT MPP Tracking 
MPP Maximum Power Point 

P&O Perturbation and observation 
PDPP Parallel Differential Power Processing 
PI Proportional-Integral 
PRBS Pseudo-Random Binary Sequence 
PSD Power Spectral Density 
PV Photovoltaic 

PV2B Photovoltaic -to- Bus  
PV2PV Photovoltaic -to- Photovoltaic 
PV2VB Photovoltaic -to- Virtual Bus 

PWM Pulse Width Modulation 

SDPP Series Differential Power Processing 
SLC String-Level Converter 

SPDPP Series-Parallel Differential Power Processing 
SPS Single Phase Shift 
B. LIST OF SYMBOLS 

  A State matrix 
  B Input matrix 

 C Output matrix 
𝐶𝐵𝐿 BL converter output LC filter capacitor 

𝐶𝑆 Main bus capacitor 
  D Feedthrough matrix 

𝑑𝐵𝐿(𝑡) BL converter switch status 

𝑑𝑆(𝑡) Central switch status 

𝑓𝑐𝑙𝑜𝑐𝑘 PRBS clock frequency 

𝑓𝑃𝑅𝐵𝑆 Frequency range of the generated PRBS 

𝑓𝑠𝑤 SLCs and central converter Switching frequency 

𝑓𝑃𝑉(𝑣𝑃𝑉) PV current-voltage (I-V) characteristic equation 

𝑖𝐵𝐿𝐿
(𝑡) BL converter inductor current 

𝑖𝐷𝐴𝐵𝐿
(𝑡) DAB converter’s load current 

𝑖𝑃V(𝑡) PV string current 
𝑖𝑝𝑟𝑖(𝑡) Primary side current of the DAB converter 

𝑖𝑠𝑒𝑐(𝑡) Secondary side current of the DAB converter 

𝐿𝐵𝐿 BL converter output LC filter inductor 

𝐿𝐷𝐴𝐵 DAB converter leakage inductor 

𝐿𝑆 Boost inductor 

𝑁𝑃𝑉 Total number of PV strings 

𝑁𝑃𝑅𝐵𝑆 PRBS length 

𝑁T  Transformer turn ratio of the DAB converter 

𝑝𝐷𝐴𝐵(𝑡) Output Power of DAB converter 

𝑝𝑖𝑛(𝑡) Total power generated by the PV strings  

𝑝𝑜𝑢𝑡(𝑡) Output power of the system 

𝑝𝑉𝐵(𝑡) Virtual bus power 

𝑟𝑃𝑉  Small-signal resistance of a PV element 

𝑆𝑣(𝜔) PSD of noise (v) 

𝑆𝑢(𝜔) PSD of input (u)  
𝑆𝑦𝑢(𝜔) CPSD of input (u) and output (y) 

𝑇𝐼𝐵 Intermediate bus voltage PI controller sampling time 

𝑇𝑀𝑃𝑃𝑇 Perturbation period of MPPT algorithm 

𝑇𝑉𝐵 Virtual bus PI controller sampling time 

𝑣𝐵𝐿𝐿
(𝑡) BL converter inductor voltage 

𝑣𝐼𝐵(𝑡) Intermediate Bus Voltage 

𝑉𝑜𝑢𝑡  Output voltage of boost converter  

𝑣𝑃𝑉(𝑡) PV string voltage 

𝑣𝑆(𝑡) Main bus voltage 
𝑣𝑆𝐿𝐶𝐵𝐹

(𝑡) SLC’s output voltage before LC filter 
𝑣𝑆𝐿𝐶𝑖

(𝑡) SLC’s output voltage 

𝑣𝑉𝐵(𝑡) Virtual Bus Voltage 
𝑧(𝑡) A generic instantaneous Variable 

𝑧(𝑡) Moving average of 𝑧(𝑡) over one switching period 
𝑧̃(𝑡) Small-signal term of 𝑧(𝑡) 

𝑍 Constant equilibrium value 
𝑍(𝑠) Variable in Laplace domain 

𝜑(𝑡) Phase shift between the primary side and 
secondary side of the DAB converter 

I.  INTRODUCTION 



Over the past few decades, there has been a remarkable 
progression in the field of PV technology, semiconductors, 
circuits, and system architectures. These advancements have 
played a key role in substantially reducing the LCOE associated 

with PV systems, rendering them increasingly competitive in 
the ever-evolving landscape of energy generation [1]. A 
promising innovative concept contributing to the reduction of 
LCOE is the DPP architectures which brings significant 
advantage of mitigating mismatch-related losses attributed to 
factors such as partial shading, PV module tilt angles, dust 

accumulation, PV cell degradation, and more [2, 3]. What 
distinguishes DPP architectures from other DMPPT approaches 
is their ability to efficiently handle mismatch conditions. In 
such scenarios, converters are adept at processing only a portion 
of the generated power, allowing the bulk of the power 
produced by PV elements to pass through to the output without 

undergoing local processing. This feature brings: (i) a reduction 
in the overall cost of converters and an enhancement of system 
efficiency [4, 5], and (ii) a reduction in stress on system 
components, ultimately resulting in improved reliability and 
extended operational lifespan [6].  

As shown in Fig. 1, DPPs are categorized into two main 

types: SDPP [7-9]  and PDPP [10, 11]. The SDPP architecture 

(Fig. 1(a)) regulates the differential current (𝑖𝑀𝐼𝐶𝑖
)  between 

individual PV modules (𝑖𝑃𝑉𝑀𝑖
) and the overall PV string current 

(𝑖𝑃𝑉), effectively mitigating mismatch-related losses among 
series-connected PV modules. However, they cannot address 
mismatch losses among parallel-connected PV strings. To 
facilitate parallel connection of PV strings, PDPP architectures 
are engineered to provide the required differential voltage 

(𝑣𝑆𝐿𝐶𝑖
) between the voltage of PV strings (𝑣𝑃𝑉) and a main bus 

(𝑣𝑆)  (Fig. 1(b)). This operation effectively addresses 
mismatch-related losses among PV elements connected in 
parallel [12]. The literature has introduced two PDPP 
architectures: PV2B PDPP architectures [10, 13] and PV2VB 
PDPP architectures [11] (Fig. 2).  

In PV2VB PDPP architectures, the virtual bus voltage, which 

defines the voltage rating of components, can be set lower than 
the main bus or PV string voltage. This allows for a reduction 
in the voltage rating of components, resulting in less 
electromagnetic interference (EMI) and radio-frequency 
interference [11, 14, 15]. Besides, the proposed PV2VB 
architecture provides superior scalability compared to 

conventional designs. Specifically, the SLC input voltage aligns 
with the virtual bus voltage, rather than the PV string or main 
bus voltage. This design allows for greater flexibility in 
integrating new PV modules into each PV string, making it a 
more adaptable and versatile solution. 

In [11, 15], an analysis of the steady-state operation of both 

the central converter and SLCs is provided, along with a 
description of their control objectives, duties, power ratings, 
and the design of the virtual bus voltage under steady-state 
conditions. However, in power electronic systems, the ability to 
deal with and control the consequences of unavoidable 
disturbances or errors that may drive circuits beyond their 

design specifications is crucial [16]. These perturbations 
encompass variations and uncertainties in source, load, or  
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Fig. 1. PV systems using DPP architectures: (a) SDPP, (b) PDPP. 
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Fig. 2. PV systems using proposed PV2VB PDPP.  

 

circuit parameters, disruptions in switching times, and –
especially in PV systems – the MPPT algorithm. Hence, in the 
PV2VB PDPP architecture depicted in Fig. 2, precise control of 

both the SLCs and the central converter is crucial to maintain 
system robustness against disturbances and parameter 
variations and ensure optimal performance. Therefore, 
understanding the system's dynamic behavior through accurate 
modeling is essential for effective integration with other 
systems, proper component selection, and the exploration and 

development of new control methods [16, 17].  
This paper provides comprehensive system modeling and 

control design guidelines for the PV2VB PDPP architecture. 
Initially, a mathematical model of the architecture is derived 
using the state-space method and small-signal modeling in 
Section II. This section details the process, starting with the 

large-signal model equations, followed by their linearization, 
and concluding with the development of the architecture’s 
state-space model. System identification [18-20] is then 
performed using data from both PLECS simulations and 
experiments to verify the accuracy of the mathematical model 
in representing the system's behavior, as described in Section 

III. The PV2VB PDPP architecture features two types of 
controllers: (i) the central controller, which adjusts the virtual 
bus voltage, and (ii) distributed controllers, which ensure the 
effective performance of the SLCs. Section IV covers the 
requirements and guidelines for these controllers. Based on 
these requirements and the validated mathematical model, PI 

controllers are designed as examples. The design process 
focuses on critical parameters such as phase margin, bandwidth, 
and settling time. Section V presents experiments conducted on 
a prototype with two SLCs connected to separate PV strings, 
each rated at 2 kW, 400 V, and 5 A, to validate the controller 
designs.  
 

II. STATE SPACE MODEL OF THE PV2VB PDPP ARCHITECTURE  

In a PV2VB PDPP architecture, SLCs are connected to a 
shared isolated DC bus called the virtual bus (Fig. 2). 

Preserving power equilibrium within this virtual bus is of 
utmost importance, as it serves to ensure stable operation and 
mitigate voltage fluctuations. This equilibrium is achieved by 



letting some PV strings inject energy into the virtual bus 
through their SLCs while the other PV strings draw energy from 
it. In this architecture, each SLC not only serves as MPP tracker 
for the connected PV string but also provides a path for the 

efficient transfer of power to and from the virtual bus, while a 
central converter maintains the virtual bus voltage at a constant 
level. In [15], a DAB converter followed by a BL converter was 
proposed (Fig. 3). BL converters facilitate a path for PV strings 
current and generate necessary negative and positive voltages, 
while DAB converters facilitate power transfer between the 

intermediate bus and the virtual bus, regulating the intermediate 
bus voltage. A detailed analysis of the steady-state operation of 
the PV2VB DPP architecture can be found in [15]. Here, the 
focus is on deriving the equations governing the operation of 
the PV strings, the SLCs and the central converter, and to create 
a state-space model of the PV2VB PDPP architecture. 

A. PV string model 
When addressing PV cells, a range of equivalent circuits of 

varying complexity and accuracy have been proposed in the 
existing literature. Among these, the single-diode model 
depicted in Fig. 4 (a) is widely recognized as the prevalent large 
signal model for PV cells [21]. A PV string consists of several 

PV cells connected in series, so it is possible to extend the 
model to PV strings. This model inherently yields a nonlinear 
current-voltage equation for the PV string, which can be 
linearized around a specific operating point. 

𝑖𝑃𝑉 (𝑡) = 𝑓𝑃𝑉 (𝑣𝑃𝑉 (𝑡)) → і̃𝑃𝑉 (𝑡) =
−1

𝑟𝑃𝑉

∙ 𝑣𝑃𝑉 (𝑡),   

(1) 
𝑟𝑃𝑉 =

−1

∂𝑓𝑃𝑉i

∂𝑣̃𝑃𝑉 (𝑡) |𝑣̃𝑃𝑉(𝑡)=𝑉𝑃𝑉

 

This linearized model is depicted in Fig. 4(b). Besides, as 

shown in Fig. 4(c), 
−1

𝑟𝑃𝑉
 is the slope of the PV string I-V curve at 

a given operating DC point (𝐼𝑃𝑉, 𝑉𝑃𝑉), and it is assumed to be 
frequency-independent at sufficiently low frequencies [22]. 
B. Averaged Large Signal Model of the Power Converters 

Given that SLCs and the central converter operate as PWM 

converters, averaging over a switching period is performed to 
derive the models of the power converters. 

1) SLCs Model 
In the PV2VB PDPP architecture in this study, the SLCs 

consist of a DAB converter followed by a BL converter (Fig. 
3). The DAB converter's primary side connects to the virtual 

bus, while its secondary side is connected to the BL converter. 
An Intermediate Bus between the two converters decouples 
their operation. The second stage of the SLC topology is the BL 
converter, located between the PV string and the main bus. It 
provides both positive and negative output voltages necessary 
for PV strings to operate at MPP and ensures a current path for 

the PV string [15]. 
For DAB converters, an averaged equivalent circuit and the 

respective mathematical model are introduced in [23] 
considering an SPS modulation (see Fig. 5). The average output 
power of a DAB converter can be expressed as [23]: 

𝑝
𝐷𝐴𝐵

(𝑡) =
𝑣 𝑉𝐵(𝑡) ∙ 𝑣𝐼𝐵(𝑡) ∙ 𝜑(𝑡) ∙ (1 − 2 ∙ 𝜑(𝑡))

𝑁T ∙ 𝑓𝑠𝑤 ∙ 𝐿𝐷𝐴𝐵

 (2) 
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Fig. 3. Proposed SLCs topology for PV2VB PDPP architecture: A DAB 

converter followed by a BL converter. 
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  Fig. 4. A PV element (a) large signal model, (b) small signal equivalent circuit , 

and (c) exemplary I-V curve. 
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Fig. 5. DAB Converter. (a) Topology. (b) Waveforms using SPS modulation. 

Top: the primary side leads the secondary side, and the energy is transferred 

from the virtual bus to the intermediate bus. Bottom: the secondary side leads 

the primary side, and the energy transfer direction is reversed. 
The average values of input and output currents over one 

switching period are used to describe the characteristics of the 
current. In a lossless DAB converter, the primary and secondary 

side power are equal and obtained by: 
𝑝𝐷𝐴𝐵

(𝑡) = 𝑖𝑝𝑟𝑖 (𝑡) ∙ 𝑣 𝑉𝐵(𝑡) = 𝑖𝑠𝑒𝑐(𝑡) ∙ 𝑣𝐼𝐵(𝑡) (3) 

So, the average currents for both the primary and secondary 
sides will be: 
 

 

𝑖𝑝𝑟𝑖(𝑡) =
𝑣𝐼𝐵(𝑡) ∙ 𝜑(𝑡) ∙ (1 − 2 ∙ 𝜑(𝑡))

𝑁T ∙ 𝑓𝑠𝑤 ∙ 𝐿𝐷𝐴𝐵
 (4) 

𝑖𝑠𝑒𝑐 (𝑡) =
𝑣𝑉𝐵(𝑡) ∙ 𝜑(𝑡) ∙ (1 − 2 ∙ 𝜑(𝑡))

𝑁T ∙ 𝑓𝑠𝑤 ∙ 𝐿𝐷𝐴𝐵
 (5) 

 

(5) 

The average load current of the DAB converter ( 𝑖𝐷𝐴𝐵𝐿
) is 

determined by the behavior of the BL converter. When the BL 
converter operates in CCM, during the ON state of the BL 
converter switches, the current in the intermediate bus flows 

upwards (Fig. 6(a)), drawing energy from the intermediate bus. 
Conversely, during the switch's OFF state, the current direction 
reverses, with energy being returned to the intermediate bus 
(Fig. 6(b)). Consequently, the average current over a complete 
switching cycle can be calculated by:  

𝑖𝐷𝐴𝐵𝐿
(𝑡) = (2 ∙ 𝑑𝐵𝐿(𝑡) − 1) ∙ 𝑖𝐵𝐿𝐿

(𝑡) (6) 

By using (4-6), it is possible to establish a large signal average 
model for the DAB converter, as illustrated in Fig. 7. To 
complete the SLC model, the BL converter must also be 

analyzed. 
As far as the output voltage of the SLCs before the LC filter 
( 𝑣𝑆𝐿𝐶𝐵𝐹

) is concerned, no significant transients are present, 

except for the negligible effects during the switching period. 

Therefore, the BL converter can be modelled by its LC filter 
and a voltage source with an average voltage value equal to: 

𝑣𝑆𝐿𝐶𝐵𝐹
(𝑡) = (2 ∙ 𝑑𝐵𝐿(𝑡) − 1) ∙ 𝑣 𝐼𝐵(𝑡) (7) 
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Fig. 6. BL converter operation during (a) the ON-state and (b) the OFF-state. 
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Fig. 7. Averaged large signal model of an SLC (a DAB followed by a BL 

converter). 

Equation (6) and (7) show that to let average power flow from 
the intermediate bus to the PV string, the BL converter’s duty 

cycle must be above 0.5. If the duty cycle drops below this 
threshold, the power flow reverses, moving from the PV string 
to the intermediate bus. Since the direction of power flow is 
determined by the duty cycle (dBL) and not by any structural 
change in the SLCs, the mathematical models remain consistent 
throughout both power flow directions [15]. The ultimate step 
in obtaining an average large-signal equivalent circuit of SLCs 

involves combining the DAB and BL converters models, 
resulting in the circuit depicted in Fig. 7. 

The equivalent circuit of Fig. 7 can be used to obtain a state-
space representation of the SLCs, with the state variables being 

𝑣𝑆𝐿𝐶(𝑡), 𝑣𝐼𝐵(𝑡), and 𝑖𝐵𝐿𝐿
(𝑡), and the inputs being 𝑑𝐵𝐿 and 𝜑(𝑡), 

which control the operation of the switches in both DAB and 
BL converters. Noting that the average voltage of the ith PV 
string 𝑣̅𝑃𝑉𝑖

(𝑡) is equal to:  

𝑣̅𝑃𝑉𝑖
(𝑡) = 𝑣̅𝑆(𝑡) − 𝑣̅𝑆𝐿𝐶𝑖

(𝑡) (8) 

the state equations of the state-space model for the ith SLC are: 
 

∂𝑣̅𝑆𝐿𝐶i
(𝑡)

∂𝑡
=

𝑖̅𝐵𝐿𝐿𝑖
(𝑡) − 𝑖̅𝑃𝑉i

(𝑡)

𝐶𝐵𝐿

=
𝑖̅𝐵𝐿 𝐿𝑖

(𝑡) − 𝑓𝑃 𝑉i
(𝑣̅𝑆(𝑡) − 𝑣̅𝑆𝐿𝐶i

(𝑡))

𝐶𝐵𝐿

 
(9) 

                   = 𝑔1𝑖
(𝑖̅𝐵𝐿𝐿𝑖

(𝑡), 𝑣̅𝑆(𝑡), 𝑣̅𝑆𝐿𝐶i
(𝑡)) 

∂𝑣̅𝐼𝐵𝑖
(𝑡)

∂𝑡
=

𝑣̅𝑉𝐵 (𝑡) ∙ 𝜑𝑖 (𝑡) ∙ (1 − 2 ∙ 𝜑𝑖 (𝑡))

𝑁T ∙ 𝑓𝑠𝑤 ∙ 𝐿𝐷𝐴𝐵 ∙ 𝐶𝐼𝐵

−
(2 ∙ 𝑑̅𝐵𝐿i 

(𝑡) − 1) ∙ 𝑖̅𝐵𝐿𝐿𝑖
(𝑡)

𝐶𝐼𝐵

 
(10) 

                   = 𝑔2𝑖
(𝑖̅𝐵𝐿𝐿𝑖

(𝑡), 𝑣̅𝑉𝐵(𝑡), 𝜑𝑖 (𝑡), 𝑑̅𝐵𝐿i 
(𝑡)) 

∂𝑖̅𝐵𝐿𝐿𝑖
(𝑡)

∂𝑡
=

𝑣̅𝐼𝐵𝑖
(𝑡) ∙ (2 ∙ 𝑑̅𝐵𝐿i 

(𝑡) − 1) − 𝑣̅𝑆𝐿𝐶i
(𝑡)

𝐿𝐵𝐿

 
(11) 

                    = 𝑔3𝑖
(𝑣̅𝑆𝐿𝐶i

(𝑡), 𝑣̅𝐼𝐵𝑖
(𝑡), 𝑑̅𝐵𝐿i 

(𝑡)) 

2) Central Converter Model 
In order to establish a complete model for the architecture, 

it is necessary to consider the central converter equations in the 
state-space form. As a representative topology, a boost 

converter has been selected, whose state variables are 𝑖𝐿𝑠
(𝑡) 

and 𝑣𝑆(𝑡), whereas 𝑑𝑠(𝑡) is the input variable. It should be 
noted that the input current of the boost converter is the 
summation of the PV strings currents (Fig. 8). Ultimately, by 
formulating the relevant equations for both the switch-on and 
switch-off states and subsequently averaging them over a  
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Fig. 8.  Boost converter: (a) schematic, and (b) averaged large signal model. 

switching cycle, we can successfully derive the boost converter 
equations for the state-space model: 

∂𝑣̅𝑆(𝑡)

∂𝑡
=

(∑  
𝑁𝑃𝑉
𝑖 =1

𝑖̅𝑃𝑉(𝑡)) − 𝑖̅𝐿𝑠
(𝑡)

𝐶𝑠

=
(∑  

𝑁𝑃𝑉
𝑖=1

𝑓𝑃𝑉i
(𝑣̅𝑆(𝑡) − 𝑣̅𝑆𝐿𝐶i

(𝑡))) − 𝑖̅𝐿𝑠
(𝑡)

𝐶𝑠

 
(12) 

             = 𝑔4 (𝑣̅𝑆𝐿𝐶i
(𝑡)|𝑖 = {1 . . 𝑁𝑃𝑉 },𝑣̅𝑆(𝑡), 𝑖̅𝐿𝑠

(𝑡)) 

∂𝑖̅𝐿𝑠
(𝑡)

∂𝑡
=

𝑣̅𝑆(𝑡) − 𝑉𝑜𝑢𝑡 ∙ (1 − 𝑑̅𝑠(𝑡))

𝐿𝑠

= 𝑔5 (𝑣̅𝑆(𝑡), 𝑑̅𝑠(𝑡)) (13) 

Here, it is assumed that the dynamic behavior of 𝑉𝑜𝑢𝑡 is 
negligible and does not exert a significant influence on the 
overall architecture dynamics. Therefore, for the purposes of 
analysis in this paper, it is considered a constant value. 

3) Virtual Bus 
The architecture has one more state variable: 𝑣𝑉𝐵 . To 

determine the related state equation, a KCL must be applied at  
the virtual bus node: 

𝑑𝑣̅𝑉𝐵
(𝑡)

𝑑𝑡
=

∑ 𝑣̅𝐼𝐵𝑖
(𝑡)𝑁𝑃𝑉

𝑖=1 ∙ 𝜑𝑖
(𝑡) ∙ (1 − 2. 𝜑𝑖(𝑡))

𝑁T ∙ 𝑓𝑠𝑤 ∙ 𝐿𝐷𝐴𝐵 ∙ 𝐶𝑉𝐵

 
(14) 

    = 𝑔6 (𝑣̅𝐼𝐵𝑖
(𝑡)|𝑖 = {1 . . 𝑁𝑃𝑉  },𝜑

𝑖
(𝑡)|𝑖 = {1 . . 𝑁𝑃𝑉  }) 

 

C. Steady-State Solution 

In small-signal analysis, the equations are linearized around 
an operating point, and constant equilibrium values of the state 
or input variables do appear in the model. Thus, when 
considering a desired operating point defined by parameters 
such as 𝑉𝑃𝑉𝑀𝑃𝑃𝑖

, 𝐼𝑃𝑉𝑀𝑃𝑃𝑖
, 𝑉𝑜𝑢𝑡 ,  and 𝑉𝐼𝐵𝑖

, where 𝑉𝑃𝑉𝑀𝑃𝑃𝑖
and 

𝐼𝑃𝑉𝑀𝑃𝑃𝑖
represent MPP voltage and current of ith PV string, 

determining the equilibrium values for both state and input 
variables is crucial to finalize the model. These are achieved by: 

𝑉𝑆 =
∑ 𝑉𝑃𝑉𝑀𝑃𝑃𝑖

∙ 𝐼𝑃𝑉𝑀𝑃𝑃𝑖

𝑁𝑃𝑉
𝑖=1

∑ 𝐼𝑃𝑉𝑀𝑃𝑃𝑖

𝑁𝑃𝑉
𝑗=1

 (15) 

𝑉𝑆𝐿𝐶𝑖
= 𝑉𝑆 − 𝑉𝑃𝑉𝑀𝑃𝑃𝑖

 ,   𝐼𝐵𝐿𝐿𝑖
= 𝐼𝑃𝑉𝑀𝑃𝑃𝑖

 (16) 

𝐷𝐵𝐿𝑖
=

𝑉𝑆𝐿𝐶𝑖

2 ∙ 𝑉𝐼𝐵

+ 0.5 (17) 

𝛷𝑖 ∙ (1 − 2 ∙ 𝛷𝑖
) =

𝑉𝑆𝐿𝐶𝑖
 ∙ 𝐼𝑃𝑉𝑀𝑃𝑃𝑖

∙ 𝑁T ∙ 𝑓𝑠𝑤 ∙ 𝐿𝐷𝐴𝐵

𝑉𝑉𝐵 ∙ 𝑉𝐼𝐵𝑖

 (18) 

𝐷𝑆 =
𝑉out − 𝑉𝑆

𝑉out

 (19) 

The averaged large-signal model developed in subsection B 
allows to calculate these equations by imposing all the 
derivatives equal to zero.   

D. Linearization and Small Signal Model 
The large-signal model derived in subsection B can be 

linearized around an operating point to derive a small signal 
model of the PV2VB PDPP architecture. The process of 
linearization involves expanding equations (9-14) through a 
Taylor series expansion, focusing on linear terms. 

∂𝑣𝑆𝐿𝐶i
(𝑡)

∂𝑡
=

∂𝑔1i

∂𝑣̅𝑆𝐿𝐶i
(𝑡)

𝑣𝑆𝐿𝐶i
(𝑡) +

∂𝑔1𝑖

∂𝑖̅𝐵𝐿𝐿𝑖
(𝑡)

𝑖̃𝐵𝐿𝐿𝑖
(𝑡) +

∂𝑔1𝑖

∂𝑣̅𝑆(𝑡)
𝑣𝑆(𝑡) (20) 

∂𝑣𝐼𝐵i
(𝑡)

∂𝑡
=

∂𝑔2𝑖

∂𝑖̅𝐵𝐿𝐿𝑖
(𝑡)

𝑖̃𝐵𝐿𝐿𝑖
(𝑡) +

∂𝑔2𝑖

∂𝑣̅𝑉𝐵
(𝑡)

𝑣𝑉𝐵(𝑡) +
∂𝑔2𝑖

∂𝜑𝑖(𝑡)
𝜑𝑖(𝑡) 

(21) 

                  +
∂𝑔2𝑖

∂𝑑̅𝐵𝐿i 
(𝑡)

𝑑̃𝐵𝐿𝑖
(𝑡) 
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Fig. 9. Averaged small signal model of the PV2VB PDPP architecture.

∂𝑖̃𝐵𝐿𝐿𝑖
(𝑡)

∂𝑡
=

∂𝑔3i

∂𝑣̅𝑆𝐿𝐶i
(𝑡)

𝑣𝑆𝐿𝐶i
(𝑡) +

∂𝑔3𝑖

∂𝑣̅𝐼𝐵𝑖
(𝑡)

𝑣𝐼𝐵𝑖
(𝑡) +

∂𝑔3𝑖

∂𝑑̅𝐵𝐿i 
(𝑡)

𝑑̃𝐵𝐿𝑖
(𝑡) (22) 

∂𝑣𝑆(𝑡)

∂𝑡
= ∑  

𝑁𝑃𝑉

𝑖 =1

∂𝑔4

∂𝑣̅𝑆𝐿𝐶i
(𝑡)

𝑣𝑆𝐿𝐶i
(𝑡) +

∂𝑔4

∂𝑣̅𝑆(𝑡)
𝑣𝑆(𝑡) +

∂𝑔4

∂𝑖̅𝐿𝑠
(𝑡)

𝑖̃𝐿S
(𝑡) (23) 

∂𝑖̃𝐿S
(𝑡)

∂𝑡
=

∂𝑔5

∂𝑣̅𝑆(𝑡)
𝑣𝑆(𝑡) +

∂𝑔5

∂𝑑̅𝑠(𝑡)
𝑑̃ S(𝑡) (24) 

∂𝑣𝑉𝐵(𝑡)

∂𝑡
= ∑  

𝑁𝑃𝑉

𝑖=1

∂𝑔6𝑖

∂𝑣̅𝐼𝐵𝑖
(𝑡)

𝑣𝐼𝐵𝑖
(𝑡) + ∑  

𝑁𝑃𝑉

𝑖 =1

∂𝑔6𝑖

∂𝜑𝑖 (𝑡)
𝜑 𝑖(𝑡) (25) 

The coefficients of (20-25) are obtained by taking the 
corresponding derivatives from (9-14). The generalized form 
of a linearized state space model, designed to extract the 

desired transfer function, can be expressed as follows: 

{

𝜕𝑥̃(𝑡)

𝜕𝑡
= 𝑨𝑥̃(𝑡) + 𝑩𝑢̃(𝑡)

𝑦̃(𝑡) = 𝑪𝑥̃(𝑡) + 𝑫𝑢̃(𝑡)
 (26) 

In PV2VB PDPP architectures, each SLC contributes three 

state variables (𝑣𝑆𝐿𝐶, 𝑣𝐼𝐵(𝑡), 𝑖̃𝐵𝐿L
), the central converter adds 

two state variables (𝑣𝑆(𝑡), 𝑖̃𝐿S
(𝑡)), and the last state variable is 

the virtual bus voltage (𝑣𝑉𝐵). Thus, the system comprises a 
total of (3NPV+3) state variables. Regarding input and output 

variables, each SLC encompasses two input variables (𝑑̃𝐵𝐿and 

𝜑̃ ) and the central converter introduces one input variable 
(𝑑̃𝑆). Thus, the total number of input variables amounts to 

(2NPV + 1). The main control goal revolves around regulating 

the intermediate bus voltage of each SLC and virtual bus 
voltage, meaning there will be (NPV +1) output variables. 
Therefore, the state, input, and output vectors are respectively 
defined as follows: 

𝑥(𝑡) = [𝑣𝑆𝐿𝐶1
(𝑡)    𝑣𝐼𝐵1

(𝑡)    𝑖̃𝐵𝐿𝐿1
(𝑡)  …  𝑣𝑆𝐿𝐶𝑁𝑃𝑉

(𝑡)    𝑣𝐼𝐵𝑁𝑃𝑉
(𝑡)    

(27) 
               𝑖̃𝐵𝐿𝐿𝑁𝑃𝑉

(𝑡)   𝑣𝑆(𝑡)    𝑖̃𝐿S
(𝑡)   𝑣𝑉𝐵(𝑡)]

𝑇

 

𝑢̃(𝑡) = [𝜑1
(𝑡) 𝑑̃𝐵𝐿1

(𝑡) … 𝜑 𝑁𝑃𝑉
 (𝑡)   𝑑̃𝐵𝐿𝑁𝑃𝑉

  𝑑̃𝐵𝐿𝑁𝑃𝑉
(𝑡)   𝑑̃S(𝑡) ]

𝑇

 (28) 

𝑦(𝑡) = [𝑣𝐼𝐵1
(𝑡)   … 𝑣𝐼𝐵𝑁𝑃𝑉

(𝑡)  𝑣𝑉𝐵(𝑡)]
𝑇

 (29) 

Matrix A, B, C, D can be obtained from (20-25). Eventually, 

based on the linearized (20-25), the small signal equivalent 
circuit of the architecture is shown in Fig. 9. 
III. SYSTEM IDENTIFICATION BASED ON OBSERVED DATA  

The actual transfer function of the PV2VB PDPP 
architecture has been evaluated through system identification, 
aiming at validating the mathematical model developed in the 
previous section. System identification methods are usually 
divided into parametric [24] and nonparametric methods [25]. 
Here, the latter are preferable since for a fair validation the 

system must be considered as a black box with the dynamics 
totally unknown. Nonparametric method includes: correlation 

analysis [18, 26], transient-response analysis [27], and 
frequency response, Fourier, or spectral analysis [25]. To 
obtain frequency insights – crucial for understanding system 
behavior and designing an effective controller – off-line 
spectral analysis [28] is utilized. 

 

A. Non-parametric System Identification Procedure 
For system identification, after the system reaches steady-

state, it is perturbed by an ad-hoc informative small-signal. An 

informative input should be persistently exciting, i.e. it 
contains sufficiently diverse frequencies and excites desired 
modes and dynamics of the system [18, 19]. PRBS is a proper 
input for system identification, since it contains a wide range 
of frequencies and is easy to implement. The PRBS is a 
periodic, deterministic, binary signal with white noise-like 

properties and is generated by a difference equation [19]. After 
PRBS is generated, it is possible to change it to two desired 
levels {-a, +a}, and the sequence is periodic with a length of: 

𝑁𝑃𝑅𝐵𝑆 = 2𝑛 − 1    (30) 

A standard PRBS has a maximum frequency determined by its 
clock frequency and a bandwidth determined by its length, so 
its frequency range is as follows: 

𝑓𝐶𝑙𝑜𝑐𝑘

𝑁𝑃𝑅𝐵𝑆

< 𝑓𝑃𝑅𝐵𝑆 <
𝑓𝐶𝑙𝑜𝑐𝑘

2
 

(31) 

Therefore, the clock frequency should be selected so that the 
PRBS signal can effectively excite the desired system 
dynamics. Additionally, the PRBS length must be long enough 
to provide reliable results, but overly long sequences can lead 
to challenges such as increased data complexity and extended 
test durations. For the PRBS magnitude {-a, +a}, a larger 

amplitude is beneficial to improve the signal-to-noise ratio 
when injected into the duty cycle of the central converter. 
However, to ensure linear system behavior, the PRBS 
amplitude must remain low. Once the excitation input is 
applied to the system, the input/output data are collected and 
pre-processed to deal with drift, trends, offset, outliers, 

missing data, and so on. Afterwards, power spectral analysis is 
performed to identify the frequency response of the system.  

For small-signal disturbances, a power converter can be 
regarded as a linear time-invariant discrete-time system, where 
the following relationships among the input PSD, output PSD, 
and CSPD exist [19, 26, 29]: 

𝑆𝑦(𝜔) = |𝐻(𝑒𝑖𝜔)|
2

∙ 𝑆𝑢(𝜔) + 𝑆𝑣(𝜔) (32) 

𝑆𝑦𝑢(𝜔) = 𝐻(𝑒𝑖𝜔) ∙ 𝑆𝑢(𝜔) (33) 



Where 𝐻(𝑒𝑖𝜔) is the input-to-output frequency response and, 
for discrete input and output signals, the CPSD and the cross-
covariance 𝑅𝑦𝑢 between input and output are: 

𝑆𝑦𝑢
(𝜔) = ∑ 𝑅𝑦𝑢

(𝑚)

∞

𝑚=−∞

𝑒−𝑖2𝜋𝑚, 𝑅𝑦𝑢
(𝑚) = ∑ 𝑢̃(𝑚)

∞

𝑚=1

𝑦̃(𝑛 + 𝑚) (34) 

Whereas the PSDs and auto-covariance 𝑅𝑢 and 𝑅𝑦 of the two 

signals can be calculated as: 

𝑆𝑧
(𝜔) = ∑ 𝑅𝑧

(𝑚)

∞

𝑚=−∞

𝑒−𝑖2𝜋𝑚 , 𝑅𝑧
(𝑚) = ∑ 𝑧̃(𝑚)

∞

𝑚=1

𝑧̃(𝑛 + 𝑚) (35) 

Where 𝑧 is either the input signal 𝑢 or the output signal 𝑦. The 
estimates are then formed as: 

𝐻(𝑒𝑖𝜔) =
𝑆𝑦𝑢

(𝜔)

𝑆𝑢
(𝜔)

 , 𝑆𝑣
(𝜔) = 𝑆𝑦

(𝜔) −
|𝑆𝑦𝑢

(𝜔)|
2

𝑆𝑢
(𝜔)

 (36) 

Thus, in the spectral analysis, by using post-processed 
measured samples of both input and output, input and output 
PSDs and their CPSD are calculated by (32-35). Afterwards, 
the transfer function of the system is estimated using (36). 

Note that here, (i) system identification is performed in 

open loop, (ii) the PRBS signal is generated by the idinput() 
function in MATLAB, and (iii) the non-parametric 

identification procedure presented above is applied through the 
spafdr() function in MATLAB. 

B. Validation through circuit simulations 
A first validation of the model has been performed through 

PLECS simulations. A PV2VB PDPP architecture with 
specification shown in Table I has been simulated in PLECS. 
The system initially operates in a closed-loop mode until it 
achieves steady-state conditions with both PV strings at their 
MPPs (Table II). Then, the architecture transitions to an open-
loop mode. During this phase, a PRBS signal is added to the 

duty cycle of the central converter, and the virtual bus voltage 
is measured. The PRBS signal parameters are presented in 
Table III and have been chosen based on the considerations 

discussed in the previous subsection. The 𝐷𝑆(𝑠) to 𝑉𝑉𝐵 (𝑠) 
transfer function has been evaluated using the non-parametric 
identification procedure presented above, and the Bode plots 
are shown in Fig. 10. Using the same procedure, a PRBS signal 
is applied to the phase shift of each DAB converter, one at a 
time. The Φ𝑖(𝑠) to 𝑉𝐼𝐵𝑖

(𝑠)  transfer function is then evaluated 

and the Bode plots are shown in Fig. 11. 
The architecture with two PV stings has nine state 

variables, which lead to nine poles. As shown in Fig. 10, the 
𝐷𝑆(𝑠) to 𝑉𝑉𝐵(𝑠)  transfer function has three zeros and nine 
poles; moreover, it is possible to identify on the Bode plot two 
dominant poles defining the dynamic of the system. On the 
other hand, Fig. 11 shows that Φ𝑖(𝑠)  to 𝑉𝐼𝐵𝑖

(𝑠)  transfer 

functions at high frequencies resemble those of independent 

DAB converters [30], with the zeros located very close to the 
poles, effectively canceling each other out. This indicates that 
the virtual bus and intermediate bus capacitors are sufficiently 
large to decouple the performance of the DAB converters from 
other parts of the architecture. The differences between the 
Bode plots of DAB1 and DAB2 arise from their different 

operating points: while DAB1 transfers power from the virtual 
bus to the intermediate bus, DAB2 transfers power from the 
intermediate bus to the virtual bus. 

 

TABLE I 

ARCHITECTURE PARAMETERS OF THE SYSTEM FOR SYSTEM IDENTIFICATION 

SYMBOL VALUE SYMBOL VALUE SYMBOL VALUE 

𝑁𝑃𝑉 2 𝐶𝐵𝐿 3 µF 𝐿𝐵𝐿  660 µH 

𝐶𝑉𝐵 1.2 mF 𝐿𝐷𝐴𝐵L 
 22 µH 𝐶𝑆 6.6 µF 

𝐿𝑆  510 µH 𝑓𝑠𝑤  100 kHz   

TABLE II 

OPERATING POINT FOR SYSTEM IDENTIFICATION 

SYMBOL VALUE SYMBOL VALUE SYMBOL VALUE 

𝑉𝑃𝑉𝑀𝑃𝑃1
 267 V 𝐼𝑃𝑉𝑀𝑃𝑃1

 5.3A 𝑉𝐼𝐵1
 200 V 

𝑉𝑃𝑉𝑀𝑃𝑃2
 400 V 𝐼𝑃𝑉𝑀𝑃𝑃2

 5.3 A 𝑉𝐼𝐵2
 200 V 

𝑉𝑜𝑢𝑡  450 V 𝑉𝑉𝐵  200 V   

TABLE III 

PRBS SIGNAL PARAMETERS  

PARAMETER SYMBOL 

VALUE 

PLECS 

Simulation 
Experiment 

Clock frequency  𝑓𝐶𝑙𝑜𝑐𝑘 50 kHz 100 Hz 

Length 𝑁𝑃𝑅𝐵𝑆  131071 2047 

Amplitude (central converter) 𝑎𝑑𝑆
 {-0.01,0.01} {-0.015,0.015} 

Amplitude (DAB converter) 𝑎𝜑
𝐷𝐴𝐵

 {0.004,0.004} {-0.001,0.001} 

 
Fig. 10. 𝐷𝑆

(𝑠)  to 𝑉𝑉𝐵
(𝑠)  transfer function. The input used for system 

identification is a two-period 17-bit PRBS with clock frequency of 50 kHz. 

 
Fig. 11. Φ𝑖 (𝑠)  to 𝑉𝐼𝐵𝑖

(𝑠)  transfer functions. The input used for system 

identification is a two-period 17-bit PRBS with clock frequency of 50 kHz. 

Fig. 10 and Fig. 11 provide a validation of the mathematical 

model presented in section II. Indeed, the Bode plot estimated 
from PLECS simulations through system identification (dots) 
and the one calculated from the mathematical model (solid 
lines). Discrepancies between the mathematical model and 

simulation results for the 𝐷𝑆(𝑠) to 𝑉𝑉𝐵 (𝑠)  transfer function 
appear at frequencies above 0.05×fsw. This is due to the strong 
low-pass characteristic of this transfer function (resulting in 
more than -70 dB attenuation), combined with the limited duty 
cycle variation {-0.01, 0.01}. As a result, the simulation 
struggles to capture high-frequency dynamics above 0.05×fsw. 



Nevertheless, all system poles and zeros, and consequently the 
system’s overall dynamic behavior, are accurately captured 
within this frequency range of 0.05×fsw. 

C. Experimental Validation 

Fig. 12 shows two SLCs prototypes connected to two PV 
emulators as PV strings, a 6210H-600S Programmable DC 
Power Supply as one of the PV strings and a SM1500-CP-30 
Bi-directional DC Power Supplies as the other PV string. 
Then, the output of the boost converter was connected to a 
SM1500-CP-30 Bi-directional DC Power Supplies emulating 

the constant voltage output DC bus (Vout). The digital 
controller was implemented using an STM32H723 advanced 
Arm®-based 32-bit MCU. PRBS signal is applied by the 
microcontroller and was injected to the boost duty cycle. Then, 
the virtual bus voltage was divided by high precision resistors 
and measured using a TA041 differential oscilloscope probe 

(10:1) and then collected by a YOKOGAWA DLM5038 
oscilloscope.  

Although the microcontroller includes PI controllers for 
closed-loop output voltage regulation, the experiments for 
system identification were conducted in open loop. The input 
and the output data collected by the oscilloscope were 

transmitted to a computer for offline processing in the 
MATLAB/Simulink environment. The architecture 
parameters and system's operating point remain the same as in 
the PLECS simulation example in section III (Table I and 
Table II), but the PRBS parameters are different (Table III).  

The spectral analysis method described in subsection III.A 

is used to identify the 𝐷𝑆(𝑠) to 𝑉𝑉𝐵(𝑠) transfer function of the 
architecture. The PRBS was stored in the microcontroller and 
injected onto the duty cycle of central converter. Using the 
same procedure, the Bode plots of the Φ𝑖 (𝑠)  to 𝑉𝐼𝐵𝑖

(𝑠) 

transfer functions were obtained experimentally.  Fig. 13 and 
Fig.14 illustrate a comparison between the frequency response 
obtained from the mathematical model and the one obtained 
experimentally through system identification. The analysis 
demonstrates a good alignment between responses across the 
tested frequency range, thereby validating the proposed 

mathematical model of the PV2VB PDPP architecture. Note 
that, due to their slow transient response, PV emulators cannot 
accurately represent PV strings at high frequencies, limiting 
the experimental results to less than 50 Hz. However, for DAB 
converters, the experimental results (Fig. 14) effectively 
capture the transition band, which is the critical part of the 

Bode plot. Additionally, as discussed in Section IV.A, for the 
𝐷𝑆(𝑠) to 𝑉𝑉𝐵(𝑠) transfer function (Fig. 13), the low-frequency 
band is the most important for controller design. 

In the PV2VB PDPP architecture's normal operation, 

tracking the MPP of PV strings is crucial and achieved via 
MPPT algorithms. The widely used P&O algorithm adjusts the 
duty cycle of BL converters, causing periodic perturbations in 
the PV string's operating point at regular interval, known as the 
perturbation period. These perturbations induce oscillations on 
the virtual bus, which can be mitigated in the proposed 

prototype by an 11.2 mF virtual bus capacitor. However, this 
capacitor attenuates frequency content in its voltage response 
to the PRBS signal and decreases the signal-to-noise ratio. 

 
Fig. 12. Photograph of the PV2VB PDPP architecture prototype. 1A: SLC 1 , 

1B: SLC2, 1C: Central converter, 1D: Micro controller, 2: YOKOGAW A 

DLM5038 oscilloscope, 3 and 4: SM1500-CP-30 Bi-directional DC Power 

Supplies, 5: 6210H-600S Programmable DC Power Supply. 

 
Fig. 13. 𝐷𝑆

(𝑠) to 𝑉𝑉𝐵
(𝑠)  transfer function. The input used for system identifi-

cation is a two-period 11-bit PRBS with clock frequency of 100 Hz.  

 
Fig. 14. The Φ𝑖(𝑠) to 𝑉𝐼𝐵𝑖

(𝑠) transfer functions. The input used for system 

identification is a two-period 11-bit PRBS with clock frequency of 100 Hz. 

Thus, although for system identification a 1.2 mF capacitor has 
been utilized at the virtual bus, in section IV the controllers are 
designed for a virtual bus capacitance of 11.2 mF. 
  

IV. CONTROLLERS DESIGN CONSIDERATIONS 
The Fig.15 illustrates the PV2VB PDPP architecture 

alongside its control structures. In this architecture, the central  

converter regulates the virtual bus voltage by adjusting the 
main bus voltage, while the primary responsibility of the SLCs 
is to track the MPP of the PV strings. Although the BL 
converter handles MPP tracking, fluctuations in the 
intermediate bus voltages can adversely affect the performance 
of MPP tracking. Thus, the DAB converter must effectively 

regulate these intermediate bus voltages to ensure stable and 
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Fig. 15. PV2VB PDPP architecture with its control loop block diagrams. 

efficient operation. Considering a search-based MPPT 
algorithm like P&O, the system inherently has two categories 

of feedback (error-based) control loops: one central converter 
controller and NPV DAB converter controllers (Fig. 15).  

The first control loop is the central converter controller 
aiming to maintain the voltage of the virtual bus at the desired 
level by controlling the duty cycle of the boost converter. The 
second controller governs the DAB converters, focusing on 

regulating intermediate bus voltages through the DAB 
converters phase shifts. Thus, two types of transfer functions 
are our interest: (i) 𝐷𝑆(𝑠) to 𝑉𝑉𝐵 (𝑠) and (ii) 𝛷𝑖(𝑠) to 𝑉𝐼𝐵𝑖

(𝑠): 

𝐺𝑉𝑉𝐵
𝐷S

(𝑠) =
𝑉𝑉𝐵 (𝑠)

𝐷S(𝑠) 
|

Φ𝑗(𝑠) = 0, 𝑗 = 1, … , 𝑁𝑃𝑉

𝐷𝐵𝐿𝑗
(𝑠) = 0, 𝑗 = 1, … , 𝑁𝑃𝑉

 (37) 

𝐺𝑖 𝑉𝐼𝐵𝑖
Φ𝑖

(𝑠) =
𝑉𝐼𝐵𝑖

(𝑠)

Φ𝑖(𝑠)
|

Φ𝑗(𝑠) = 0, 𝑗 = 1, … , 𝑁𝑃𝑉, 𝑗 ≠ 𝑖

𝐷𝐵𝐿𝑗
(𝑠) = 0, 𝑗 = 1, … , 𝑁𝑃𝑉      

𝐷S(𝑠) = 0                                     

 (38) 

Both voltage control loops are essential for maintaining the 
voltages within specified limits, ensuring system stability, and 
improving system performance. Here an indirect technique has 

been used for designing discrete PI controllers; so initially, the 
continuous-time controllers are designed in the s-domain by 
using MATLAB SISOtool. Then, based on the continuous-
time controller, the discrete-time controller is calculated by 
Tustin transformation.  

A.  Central Converter Controller 

To prevent interference between the central controller and 
to enable the MPPT algorithms to autonomously seek the MPP 
of the PV string, it is preferable to increase the sampling time  
of the central PI controller to minimize its interference with the 
MPPT algorithm as follow: 

𝑇𝑉𝐵 = 4 ∙ 𝑚 ∙ 𝑇𝑀𝑃𝑃𝑇|𝑚=1,2,…    (39) 

 However, if the sampling period is too long, the discrete-
time PI controller may not yield satisfactory results. In 

practical terms, for a broad range of systems, the sampling 
period is typically chosen to be at most half of the slowest time 
constant [31]. The slowest time constant in the architecture is 
300 ms with parameters outlined in Table I (except for CVB 
which is 11.2 mF) and a 15 ms for the perturbation period of 

the MPPT algorithm (𝑇𝑀𝑃𝑃𝑇) has been chosen. Therefore, a 
sampling time of 60 𝑚𝑠, which is equal to 4 times 𝑇𝑀𝑃𝑃𝑇, is 
selected for the central controller. In this paper, the criteria for 

designing the PI controller parameters of the central converter 
are phase margin and bandwidth. A phase margin of 
approximately 60 degrees is considered for compensated 
system to ensure a reasonable stability margin and mitigate the 
effects of uncertainties and variations – such as dynamic 

resistance of PV strings 𝑟𝑃𝑉 – in the system. Additionally, to 
achieve satisfactory accuracy, the sampling time of the 
discrete-time PI controller must be 20 times faster than the 
highest bandwidth frequency [31]. Hence, a bandwidth of 1 Hz 
is chosen for designing the central converter’s PI controller. 

B. DAB Converters Controllers 
In contrast to the central converter controller, there is no 

specific lower limit for the sampling time of DAB converters. 
Hence, the sampling frequency of the PI controller can be set 
as fast as the switching frequency of the DAB converter, which 
is 100 kHz, to enhance response time and reduce phase lag in 
the system. The criteria for designing the DAB converters PI 
controllers are phase margin and settling time. It is preferable 

for the settling time of the intermediate bus voltages to be 
lower than the perturbation period of the MPPT algorithm 
(TIB<TMPPT) to minimize interference. As for the central 
converters PI controller, a phase margin of approximately 60 
degrees is considered. Lastly, the parameters of the controllers 
are designed for the architecture with the parameters outlined 

in Table I (except for CVB, which is 11.2 mF) and the operating 
point specified in Table II. The controllers’ parameters are 
shown in Table IV. 

C. Stability analysis 

Fig. 16 presents the Bode plot for the open-loop 𝐷𝑆(𝑠) to 
𝑉𝑉𝐵 (𝑠) transfer function, both compensated and 

uncompensated, at three different PV String 1 voltages (𝑉𝑃𝑉1).  
The remaining operating point variables are detailed in Table 
II. As illustrated in Fig. 16, when the PV String 1 voltage is 

equal to 267 V, the phase margin of the compensated 𝐷𝑆(𝑠) to 
𝑉𝑉𝐵 (𝑠) transfer function is approximately 60 degrees 
(indicated by the red dashed line). When the voltage of PV 
String 1 decreases from 267 V to 160 V, a slight increase in 

the phase margin is observed, suggesting improved stability 
with greater mismatches between PV strings. Conversely, 
when the voltage increases from 267 V to 375 V, the phase 
margin decreases, leading to reduced system stability. This 
poor stability occurs because, at a PV string voltage of 375 V, 
the phase of the uncompensated transfer function (blue solid 

line) drops sharply near the selected bandwidth frequency. 
This behavior arises as increased voltage in PV String 1 
reduces mismatch among PV strings, lowering the power 
processed by the SLCs. Note that low power operation of SLCs 
can also result from reduced PV string current. While lowering 
the bandwidth could mitigate this issue, it would also result in 

a slower transient response at other operating points. 
Therefore, for central converters, gain scheduling or other 
advanced control strategies such as Model Predictive Control 
(MPC) and Sliding Mode Control (SMC) are recommended to 
enhance performance, stability, and adaptability [32].  
Fig. 17 shows the Bode plot for the open-loop 𝛷1(𝑠) to 𝑉𝐼𝐵1

(𝑠) 

transfer function, both compensated and uncompensated, 
evaluated at the same operating points as in Fig. 16. The phase 
margin of uncompensated transfer function remains at 90 

degrees across all three operating points, and the bandwidth, 
which defines the speed of the transient response, stays 
around70 Hz. Thus, a simple PI controller can be sufficient for 
DAB converters across different operating points.   



TABLE IV 

CONTROLLERS PARAMETERS 

 PARAMETER SYMBOL VALUE 

Central 

Controller 

Sampling Time 𝑇𝑉𝐵 60 ms 

Proportional Coefficient
*
 𝐾𝑝𝑉𝐵

 0.003 

Integral Coefficient 𝐾𝐼𝑉𝐵
 0.015 

DAB 

controllers 

Sampling Time 𝑇𝐼𝐵 10 µs 

Proportional Coefficient 𝐾𝑝𝐼𝐵
 0.0005 

Integral Coefficient 𝐾𝐼𝐼𝐵
 0.01 

*𝐾𝑝 +
𝐾𝐼

𝑠
 , 𝐾𝑝  is Proportional Coefficient, 𝐾𝐼  is Integral Coefficient. 

 
Fig. 16. Bode plot of the compensated and uncompensated open-loop 𝐷𝑆

(𝑠) 

to 𝑉𝑉𝐵
(𝑠)  transfer function at different operating points. 

 
Fig. 17. Bode plot of the compensated and uncompensated open-loop 

Φ1(𝑠)  to 𝑉𝐼𝐵1
(𝑠) transfer function at different operating points. 

V. EXPERIMENTAL RESULTS  
To evaluate the performance of the PI controllers and their 

capability to manage disturbances, two different PV string 
curves, as shown in Fig. 18, are utilized. The operating point 
of PV string 1 experiences a significant and abrupt drop from 
390V to 300V as it transitions from generating I-V curve 1 to 

I-V curve 2 at 0.07s (highlighted with a vertical green line in 
Fig. 19), whereas PV string 2 continues generating I-V curve 
1. Fig. 19 illustrates that the central controller with a sampling 
time of 60 ms can effectively handle the disturbances, restoring 
 

the virtual bus to its initial state within less than 600 ms by 
determining a new operating voltage for the main bus. 
Simultaneously, the MPPT algorithm ensures that PV strings 

operate at their MPP. Fig. 19 proves the system's ability to 
independently find the MPP of both PV strings with the typical 
behaviour of P&O algorithm, with a perturbation period of 15 
ms and a perturbation step size of 5% applied to the duty cycle. 

Fig. 20 depicts the intermediate bus voltages of the 
architecture. The PI controllers of the DAB converters 

demonstrate their effectiveness in managing disturbances, 
successfully bringing back the intermediate bus voltages to 

 
Fig. 18. PV string’s (a) I-V curves (b) P-V curves used in the experiments. 

 
Fig. 19. Voltage waveforms in the PV2VB PDPP architecture. PV string 2 

stays at I-V curve 1, whereas PV string 1 transitions from I-V curve 1 to I-V 

curve 2 after 0.07 s, highlighted with the green line. 

 
Fig. 20. Transition of intermediate bus voltages in the PV2VB PDPP 

architecture (blue: 𝑉𝐼𝐵1
, red: 𝑉𝐼𝐵2

). 

200 V after the abrupt change in the operating conditions 

of PV string 1. Additionally, the PI controller is capable of 
handling disturbances caused by the MPPT algorithm and 
central converter within 15 ms. It ensures that disturbances on 
intermediate bus voltages do not interfere with the operation 
of the MPPT and central controller. 

VI. CONCLUSION 

This paper provided a thorough analysis of the dynamic 
behavior of the PV2VB PDPP architecture and its 
mathematical model, crucial for designing and tuning 
controllers. The mathematical model was validated through 
system identification based on the data acquired from both 
PLECS simulation and experiments, ensuring its applicability 

in real-world scenarios. Considering the control requirements, 
the controller parameters were designed with a settling time of 
15 ms, which corresponds to the MPPT perturbation period, 
for the DAB controllers, a bandwidth of 1 Hz for the central 
converter’s PI controller, and a phase margin of 60 degrees for 
both. The transient response and system stability were 

validated through experimental tests. These tests confirmed 
the system's stability, demonstrating the central controller's 
ability to stabilize the virtual bus voltage to the desired level 



within 0.6 seconds, while the intermediate bus voltages settled 
within 15 milliseconds.  

REFERENCES 
[1] International Energy Agency. http://www.iea.org (accessed 15/05/2024). 

[2] D. Xu et al., "Coupling Analysis of Differential Power Processing-Based 

PV System and Its Decoupling Implementation of Synchronous MPPT 

Control," IEEE Transactions on Industrial Electronics, vol. 70, no. 7, pp. 

6973-6983, 2023. 

[3] G. Chu, H. Wen, Y. Yang, and Y. Wang, "Elimination of Photovoltaic 

Mismatching With Improved Submodule Differential Power Processing," 

IEEE Transactions on Industrial Electronics, vol. 67, no. 4, pp. 2822-

2833, 2020. 

[4] P. Wang, R. C. N. Pilawa-Podgurski, P. T. Krein, and M. Chen, 

"Stochastic Power Loss Analysis of Differential Power Processing," IEEE 

Transactions on Power Electronics, vol. 37, no. 1, pp. 81-99, 2022. 

[5] C. Olalla, C. Deline, D. Clement, Y. Levron, M. Rodriguez, and D. 

Maksimovic, "Performance of Power-Limited Differential Power 

Processing Architectures in Mismatched PV Systems," IEEE 

Transactions on Power Electronics, vol. 30, no. 2, pp. 618-631, 2015. 

[6] P. S. Shenoy, K. A. Kim, B. B. Johnson, and P. T. Krein, "Differential 

Power Processing for Increased Energy Production and Reliability of 

Photovoltaic Systems," IEEE Transactions on Power Electronics, vol. 28, 

no. 6, pp. 2968-2979, 2013. 

[7] A. Alenezi and H. A. Hussain, "A New Control Approach for Least 

Processed Power Tracking Under Mismatch Conditions in PV Systems 

Using Differential Power Processing," IEEE Transactions on Industry 

Applications, vol. 60, no. 1, pp. 532-543, 2024. 

[8] H. Delavaripour, B. M. Dehkordi, H. A. Zarchi, and E. Adib, "Increasing 

Energy Capture From Partially Shaded PV String Using Differential 

Power Processing," IEEE Transactions on Industrial Electronics, vol. 66, 

no. 10, pp. 7672-7682, 2019. 

[9] M. Uno, T. Suzuki, and Y. Fujii, "Module-to-Panel Modular Differential 

Power Processing Converter With Isolated DC Bus for Photovoltaic 

Systems Under Partial Shading," IEEE Journal of Emerging and Selected 

Topics in Industrial Electronics, vol. 4, no. 1, pp. 97-108, 2023. 

[10] H. Zhou, J. Zhao, and Y. Han, "PV Balancers: Concept, Architectures, 

and Realization," IEEE Transactions on Power Electronics, vol. 30, no. 

7, pp. 3479-3487, 2015. 

[11] A. Nazer, P. Manganiello, and O. Isabella, "A virtual bus parallel 

differential power processing configuration for photovoltaic 

applications," Mathematics and Computers in Simulation . 

[12] H. Jeong, H. Lee, Y. Liu, and K. A. Kim, "Review of Differential Power 

Processing Converter Techniques for Photovoltaic Applications," IEEE 

Transactions on Energy Conversion, vol. 34, no. 1, pp. 351-360, 2019. 

[13] H. Lee and K. A. Kim, "Design Considerations for Parallel Differential 

Power Processing Converters in a Photovoltaic-Powered Wearable 

Application," Energies, vol. 11, no. 12, 2018. 

[14] I. F. Kovačević, T. Friedli, A. M. Muesing, and J. W. Kolar, "3-D 

Electromagnetic Modeling of EMI Input Filters," IEEE Transactions on 

Industrial Electronics, vol. 61, no. 1, pp. 231-242, 2014. 

[15] A. Nazer, O. Isabella, and P. Manganiello, "PV to Virtual Bus Parallel 

Differential Power Processing Architecture for Photovoltaic Systems," 

IEEE Transactions on Industrial Electronics, pp. 1-11, 2024. 

[16] J. G. Kassakian, D. J. Perreault, G. C. Verghese, and M. F. Schlecht, 

Principles of power electronics. Cambridge University Press, 2023. 

[17] D. d. Giudice, A. Brambilla, D. Linaro, and F. Bizzarri, "Modular 

Multilevel Converter Impedance Computation Based on Periodic Small -

Signal Analysis and Vector Fitting," IEEE Transactions on Circuits and 

Systems I: Regular Papers, vol. 69, no. 4, pp. 1832-1842, 2022. 

[18] B. Miao, R. Zane, and D. Maksimovic, "System identification of power 

converters with digital control through cross -correlation methods," IEEE 

Transactions on Power Electronics, vol. 20, no. 5, pp. 1093-1099, 2005. 

[19] L. Ljung, "System identification," in Signal analysis and prediction: 

Springer, 1998, pp. 163-173. 

[20] H. Gietler et al., "on-Time Mismatch Based System Identification 

Technique for Buck Converters," IEEE Transactions on Industrial 

Electronics, vol. 67, no. 9, pp. 7898-7908, 2020. 

[21] M. G. Villalva, J. R. Gazoli, and E. R. Filho, "Comprehensive Approach 

to Modeling and Simulation of Photovoltaic Arrays," IEEE Transactions 

on Power Electronics, vol. 24, no. 5, pp. 1198-1208, 2009. 

[22] L. Qin, S. Xie, C. Yang, and J. Cao, "Dynamic model and dynamic 

characteristics of solar cell," in 2013 IEEE ECCE Asia Downunder, 3-6 

June 2013 2013, pp. 659-663.  

[23] S. Shao et al., "Modeling and Advanced Control of Dual-Active-Bridge 

DC–DC Converters: A Review," IEEE Transactions on Power 

Electronics, vol. 37, no. 2, pp. 1524-1547, 2022. 

[24] G. Rojas-Dueñas, J. R. Riba, and M. Moreno-Eguilaz, "Nonlinear Least 

Squares Optimization for Parametric Identification of DC–DC 

Converters," IEEE Transactions on Power Electronics, vol. 36, no. 1, pp. 

654-661, 2021. 

[25] A. Congiu, E. Bodano, and M. Barbaro, "A $\Delta \Sigma$ Dithering-

Amplification-Based Identification Technique for Online SMPS," IEEE 

Transactions on Power Electronics, vol. 31, no. 8, pp. 5992-6001, 2016. 

[26] P. Manganiello, M. Ricco, G. Petrone, E. Monmasson, and G. Spagnuolo, 

"Optimization of Perturbative PV MPPT Methods Through Online 

System Identification," IEEE Transactions on Industrial Electronics, vol. 

61, no. 12, pp. 6812-6821, 2014. 

[27] D. Maksimovic, "Computer-aided small-signal analysis based on impulse 

response of DC/DC switching power converters," IEEE Transactions on 

Power Electronics, vol. 15, no. 6, pp. 1183-1191, 2000. 

[28] M. Al-Greer, M. Armstrong, M. Ahmeid, and D. Giaouris, "Advances on 

System Identification Techniques for DC–DC Switch Mode Power 

Converter Applications," IEEE Transactions on Power Electronics, vol. 

34, no. 7, pp. 6973-6990, 2019. 

[29] P. Manganiello, M. Ricco, E. Monmasson, G. Petrone, and G. Spagnuolo, 

"On-line optimization of the P&O MPPT method by means of the system 

identification," in IECON 2013 - 39th Annual Conference of the IEEE 

Industrial Electronics Society, 10-13 Nov. 2013 2013, pp. 1786-1791.  

[30] D. Wang, B. Nahid-Mobarakeh, and A. Emadi, "Second Harmonic 

Current Reduction for a Battery-Driven Grid Interface With Three-Phase 

Dual Active Bridge DC–DC Converter," IEEE Transactions on Industrial 

Electronics, vol. 66, no. 11, pp. 9056-9064, 2019. 

[31] P. N. Paraskevopoulos, Modern control engineering. CRC Press, 2017. 

[32] Q. Xu, N. Vafamand, L. Chen, T. Dragičević, L. Xie, and F. Blaabjerg , 

"Review on Advanced Control Technologies for Bidirectional DC/DC 

Converters in DC Microgrids," IEEE Journal of Emerging and Selected 

Topics in Power Electronics, vol. 9, no. 2, pp. 1205-1221, 2021. 

Afshin Nazer, born in Mashhad, Iran, obtained his M. 

degree in electrical engineering from the University of 

Tehran in 2018. He served as a research assistant at the 

University of Tehran for two years, focusing on the 

analysis, design, and control of power converters for solar 

array simulator applications. In September 2021, he 

commenced his Ph.D. studies at Delft University of 

Technology, joining the Photovoltaic Materials and 

Devices group. His current research centers on analyzing, 

designing, modelling, and control of switching converters 

for PV systems, aiming to reduce mismatch losses among PV elements. 

 

Olindo Isabella (prof. dr. ir.) graduated in electronic 

engineering from University of Naples Federico II. He 

holds a PhD degree (cum laude) on advanced light  

management applied to thin-film silicon solar cells. 

Since 2012 his research focus is on crystalline silicon  

solar cells and related applications up to system level. 

Since 2019 he leads the Photovoltaic Materials and 

Devices group at Delft University of Technology, Delft , 

the Netherlands. 
 

 

Dr. Patrizio Manganiello received his PhD in Energy 

Conversion from the University of Campania “Luigi 

Vanvitelli” (Italy). He was Visiting Researcher at the 

University of Cergy-Pontoise (France) and the National 

University of Colombia (Medellin, Colombia). From 

February 2016 till December 2019, he worked at KU 

Leuven (Belgium) and IMEC (Belgium). He is currently 

Assistant Professor of Photovoltatronics at Delft  

University of Technology. His research focuses on the 

development of PV-based intelligent energy agents .  


