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ABSTRACT:  

The number of large-scale solar photovoltaic (PV)systems 

continues to increase, while the size of the largest systems 

has already reached several hundred megawatts. This trend 

will challenge existing PV system architectures and will 

require new PV system architectures with higher power 

ratings and higher voltage levels at the point of common 

coupling (PCC). This paper reports a medium-voltage (MV) 

dc-bus PV system architecture based on a high-gain soft-

switched interleaved boost (SSIB) dc–dc converter. The 

interleaved characteristic increases the flexibility of the 

converter, allowing for either a higher voltage and/or 

current rating, thus increasing the power rating of the 

converter. The high-gain capability of the SSIB converter 

allows it to be connected directly to an MV dc bus. This will 

facilitate direct connection of a PV system to an MV ac grid 

(i.e., 20 kV) using only one step-up transformer. Simulation 

and experimental results are presented to verify the 

operation of the SSIB converter and to confirm the steady-

state and dynamic performance of the proposed PV system 

architecture. 

 

INDEX TERMS: DC–DC power converters, large-scale 

systems, photovoltaic (PV) systems, power conversion. 

 

 

I. INTRODUCTION 

OVER THE PAST decade, the interest in grid-connected 

solar photovoltaic (PV) systems has increased significantly 

[1]–[3]. In 2013, more than 37 GW of solar power 

generation capacity was installed around the world, and 

global cumulative PV installed capacity reached 136.7 GW 

[4]. This rapid expansion of capacity is predominantly 

achieved through large-scale PV systems, which range in 

capacity from 200 kWup to several hundred MW [5]. Large-

scale PV systems are becoming more commercially 

attractive than smaller systems, since they are capable of 

delivering further reductions in the system’s cost-per-watt 

ratio. Hence, it is expected that the capacity of new PV 

systems will continue to grow. This trend will require PV 

system architectures that incorporate converters with higher 

power ratings and a higher voltage level at the point of 

common coupling (PCC), which in turn will require higher 

ratio transformers or more transformation stages for 

connection to a medium-voltage (MV) or high-voltage (HV) 

electricity
211

 grid. Currently, large-scale PV systems 

interface to the grid via central or multi string inverter 

configurations [6]. Fig. 1(a) presents the central inverter 

configuration, which is very commonly used due to its 

simplicity and low installation cost. Nevertheless, mismatch 

power losses from the limitation of single maximum power 

point tracking (MPPT), particularly under partial shading 

conditions, and the power losses from the reverse-current 

blocking diodes degrade the efficiency of this PV 

configuration [7]. The multistring configuration introduces 

dc–dc converters between the PV array and the inverter, as 

shown in Fig. 1(b) and (c). Most commercial multistring PV 

inverters place dc–dc converters inside the same casing, as 

shown in Fig. 1(c), and their power range is between 5 

and20 kW [8]–[10]. Fig. 1(b) presents a multistring 

configuration for large-scale PV systems [11]. The 

additional power converter allows each PV array to be 

operated at its maximum PowerPoint (MPP), which greatly 

increases the overall MPPT efficiency. A higher MPPT 

efficiency will outweigh the increased cost of the additional 

power conversion stage. A central PV inverter configuration 

for direct medium-voltage connection has been 

commercialized [12], as shown in Fig. 1(d). Although the 

efficiency is increased and overall costs are lowered by 

achieving MV grid integration with only one step-up 

transformer, the inverter includes an MV-level transformer 

with a high turns ratio. Large-scale PV system architectures 

with reduced transformer stages can be realized by using 

high-gain dc–dc converters. Recently, a number of papers 

regarding high-gain dc–dc converters have been published 

[13]–[28]. To increase the voltage conversion ratio, 

switched-capacitor converters have been proposed in [13]–

[16]. The switched-capacitor technology increases the 

voltage conversion ratio and decreases the voltage stress of 

the devices. Although the switched-capacitor technique does 

not involve magnetic components, the power switches suffer 

high transient currents and many components are required to 

achieve high gain, thus increasing the circuit complexity and 

associated cost. Coupled-inductor converters are an 

alternative solution for obtaining high gain [17]–

[21].Despite the considerably high gain of such converters, 

achieved by the coupled inductor acting as a transformer, 

significant energy losses of the leakage inductance degrade 

the efficiency of the converter. Moreover, the converter 

topology and placement of components are constrained, 

leading to a relatively complex design. Interleaved coupled-

inductor converters have been proposed in [22]–[26], and 

simplified interleaved Coupled-inductor converter 

topologies were introduced in [27] and [28]. 
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Fig. 1. Large-scale PV system configurations. 

(a) Central inverter configuration. (b) Multistring inverter 

configuration. (c) Commercialized multistring inverter 

configuration. (d) Central inverter configuration with only 

one step-up transformer. 

The interleaved configuration supports an increase of the 

converter power rating, but the disadvantages of the coupled 

inductor remain an issue. A soft-switched boost (SSB) 

converter was proposed in [29] and [30]. The converter 

achieves high gain without using a switched capacitor or 

coupled inductor. Moreover, Park and Choi [29] present 

conceptual circuit diagrams of the interleaved 

configurations. However, detailed analysis and 

implementation of the interleaved configuration have not 

been reported yet in the technical literature. A PV system 

architecture based on a high-gain soft switched interleaved 

boost (SSIB) converter was previously introduced in [31]. 

This paper expands existing work presented at International 

Symposium on Industrial Electronics2012 (ISIE 2012) [31] 

by providing a more detailed topology selection and design 

of the SSIB converter, the experimental implementation of 

the proposed PV system architecture, and the experimental 

validation through a quantitative comparison between the 

simulation and experimental results. This paper is organized 

as follows: Section II describes the MV dc-bus PV system 

architecture. In Section III, simulation results are presented 

to document the steady-state and dynamic performance of 

the large-scale PV system architecture. Experimental 

verification of the MV dc-bus PV system architecture using 

SSIB converters is presented in Section IV.  Finally, the 

conclusion is summarized in Section V. 

II. MV DC-BUS SYSTEM ARCHITECTURE 

A schematic view of the MV dc-bus PV system architecture 

based on SSIB converters is shown in Fig. 2. The PV system 

architecture contains three identical PV arrays, one step-up 

transformer and two power conversion stages: a dc–dc stage 

using SSIB converters and a dc–ac stage using a voltage 

source converter (VSC). The PV array contains several 

parallel connected PV strings consisting of many PV panels 

connected in series. A conventional inverter consisting of a 

VSC with sinusoidal pulse width modulation (PWM) and a 

delta-wye (Δ − Y) MV-level transformer is considered in 

this paper. Three identical SSIB converters transfer the 

power generated by each PV array to a common MV dc bus. 

At the same time, each SSIB converter controls the output 

voltage of their associated PV array. The voltage of the MV 

dc bus is controlled by the inverter, thus transferring all the 

available power to the electricity grid via an MV-level 

transformer. A more detailed description of the system 

components is given in Section III. 

 

 
Fig. 2. Large-scale PV system architecture. 

 

 
(a) 

 
(b) 

 

Figure. 3. Converter topology. (a) SSB converter. (b) SSIB 

converter (N = 2,P = 1). 

A. SSIB Converter 

The SSB converter topology and the conceptual idea of 

interleaving were proposed in [29]. The circuit configuration 

of the SSB converter is shown in Fig. 3(a). The converter 

substitutes the rectifier diode of a conventional boost 

converter with a switch (S2) and introduces an auxiliary 

circuit, which is composed of an inductor (L2), a capacitor 

(C1), and a voltage-doubler circuit. The voltage-doubler 

circuit comprises two diodes (D1 and D2) and a capacitor 

(C2). The auxiliary circuit allows the converter to have a 

higher voltage gain than the conventional boost converter, 

and helps to achieve zero voltage switching (ZVS) of both 

the lower switch (S1) an dupper switch (S2). Additionally, 

zero current switching (ZCS) of the voltage-doubler diodes 

(D1 and D2) is achieved by discontinuous conduction mode 

(DCM) operation of L2.The SSB converter configuration 

can be extended to an interleaved converter, where a number 

of converters are connected in parallel and/or in series (N, 

number of series connected voltage doublers, P, number of 

parallel connected diode legs in voltage doubler). A higher 

voltage gain can be achieved by increasing N, while an 

elevated current rating of the converter can be accomplished 

by increasing P. At the same time, the input current ripple is 
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reduced as N and P increase. In this paper, an N = 2, P = 1 

SSIB converter is considered for connecting a PV array to 

an MV-level grid. The circuit diagram is shown in Fig. 

3(b).Based on the analysis of the single-phase converter (N 

= 1,P = 1) reported in [29], the characteristics of the 

interleaved converter (N = 2, P = 1) are derived. The ideal 

output voltage (Vo_ideal) is given by 

 

(1) 

However, the presence of a voltage peak at L2n,p creates a 

duty-cycle loss (D loss), which is the duration ratio of the 

voltage peak at L2 to switching period Ts [see Fig. 11(d)]. 

This duty loss leads to a voltage drop at C2,1 and C2,2. The 

actual output voltage (Vo) can be expressed as 

 

(2) 

 

The difference between the input inductor current IL1,n and 

the auxiliary inductor current IL2,n is the main independent 

variable for ZVS operation of switches S1,n and S2,n. To 

ensure ZVS operation of S1,n, the following condition 

should be satisfied [29]: 

 
 

(4) 

 
 

Fig. 4. Voltage gains of SSIB converter (N = 2, P = 1) and 

conventional boost converter. 

where IL2,n,−pk is the negative peak value of IL2,n 

andIL1,n,max is the maximum value of IL1,n.Although (3) 

and (4) could be satisfied with small L1,n and large L2,n, 

reducing L1,n will increase the input current ripple, and 

increasing L2,n will elevate the duty-cycle loss, which will 

affect the voltage gain of the converter. The relationship 

between the voltage gain and duty ratio of a conventional 

boost converter and N = 2, P = 1 SSIB converter is 

illustrated in Fig. 4. The voltage gain of the SSIB converter 

is three times higher than that of the conventional boost 

converter. However, N is limited due to the voltage rating of 

the auxiliary capacitor, which can be derived as  

(5) 

where k = 1, 2, . . .,N and Vloss,C2,m is the voltage drop 

onC2,1 and C2,2. The voltage rating of each auxiliary 

capacitor is different and the uppermost auxiliary capacitor 

C1,N has the highest voltage rating, as follows: 

(6) 

 

The interleaved asymmetrical PWM switching technique is 

applied to the converter, which results in asymmetrical 

ripples in the input inductor current. This leads to smaller 

input current ripples (PV current), thus resulting in better 

MPPT performance. Fig. 5 shows the relationship between 

the input current ripple and the duty ratio of the N = 2, P = 

1SSIB converter and the conventional boost converter. 

Based on the input current equation of interleaved boost 

converter [32], the input current ripple of the SSIB converter 

can be expressed as 

(7) 

 

Fig. 5. Input current ripple of SSIB converter (N = 2, P = 1) 

and conventional boost converter. 

 
 

 

Table I Voltage Gain and Duty Cycle of Converter with 

Different Values of N 

 
 

B. SSIB Converter for PV Application 

When connecting a large-scale PV system (MW level or 

higher) to the MV or HV electricity grid, multiple 

transformer stages are usually required. This is because the 

maximum allowed dc output voltage of a PV string is 1000 

V (600 Vin North America) [33], and the voltage at the PCC 
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has to be20 kV or above. Consequently, most MV or HV 

grid-connected large-scale PV systems have two transformer 

stages, as shown in Fig. 1(a) and (b). To connect a large PV 

system to an MV grid through only one step-up transformer, 

the SSIB converter needs to provide a voltage gain that can 

boost the minimum MPP voltage to the voltage of the MV 

dc bus, in this case7.5 kV.1) Converter Configuration: 

Greater values of N allow the converter to operate with a 

lower duty cycle. At the same 

time, the input current ripple is reduced by a factor of 1/N, 

and can be reduced further depending on the duty cycle. The 

reduced input current ripple results in better MPPT 

performance. However, N is limited due to the voltage rating 

of the auxiliary capacitor. As described in (5), the voltage 

rating of the uppermost auxiliary capacitor increases with 

increasing N. Therefore, N should be properly chosen 

considering a tradeoff between converter operating duty 

cycle, input current ripple, and voltage rating of the 

auxiliary capacitor. The required voltage gain and duty cycle 

of an SSIB converter with different values of N are 

summarized in Table I. Choosing a proper value of P is also 

an important factor when using the SSIB converter for PV 

system applications. The current rating of the converter is 

increased by a factor of P, thus increasing the power rating 

of the converter. Moreover, the input current ripple is 

decreased by a factor of 1/P, which can increase the MPPT 

efficiency. Although increasing P provides such advantages, 

it also involves increased circuit complexity and higher 

component count. The relationship of component count, 

input current ripple, and power rating with respect to P is 

summarized in Table II. When selecting a proper P, the 

converter power rating should be considered at first, and 

then the other parameters, such as current ripple size and 

component count. Based on Tables I, II, and the other 

characteristics of an SSIB converter described in Section II-

A, N = 2 and P = 1 SSIB converter was selected for the PV 

system application. 

TABLE II . Component Count, Input Current Ripple, and 

Power Rating of Converter with Different Values of P 

 

2) Converter Design: In this paper, the SSIB converter is 

designed for a PV application. The input voltage range and 

the required output voltage of the SSIB converter are 

determined by the characteristics of the PV system. Output 

capacitors (C3, C2,1, and C2,2) are chosen based on (1) and 

N with respect to the voltage rating. Since the required 

output voltage is7.5 kV and N = 2, the output capacitor 

voltage rating is 2.5 kV. A value of 250 μF is selected for 

the output capacitors considering maximum of 5% voltage 

ripple. The voltage rating of auxiliary capacitors (C1,1 and 

C1,2) is calculated using (5)and (6). A value of 50 μF is 

selected for the auxiliary capacitors considering a maximum 

of 5% voltage ripple. The input inductance (L1) is selected 

based on the maximum allowed current ripple using (7). 

After determining L1, the minimum auxiliary inductance 

(L2) for ensuring ZVS operation is calculated based on (3) 

and (4). A value of 1.1 mH is selected for L1 

considering30% current ripple and 100 μH for L2.3) 

Converter Control: The control of an SSIB converter based 

on an MPPT algorithm is another important issue to be 

considered when applying the converter to PV application. 

Based on the incremental conductance method [34] [Fig. 

6(b)], the SSIB converter maintains the PV array voltage at 

the MPP. The control block diagram is shown in Fig. 6(a). 

The MPPT method adjusts the PV array voltage to the MPP 

voltage by comparing the instantaneous conductance 

(Ipv/Vpv) to the incremental conductance (dIpv/dVpv) [34]. 

The tracking speed is determined by the increment size 

(inc). Although fast tracking can be achieved with large 

increments, the PV array might not operate at the MPP but 

instead oscillate around the MPP, which would degrade the 

controller performance. Therefore, the increment size should 

be properly chosen considering a tradeoff between the 

tracking speed and the performance of the controller [34], 

[35]. The MPPT algorithm generates the reference voltage V 

∗ pv and the PV array voltage (Vpv) is regulated at V ∗ pv by a 

proportional-integral (PI) controller. 

 
Fig. 6. Control block diagram. (a) N = 2, P = 1SSIB 

converter control loop.(b) Incremental conductance MPPT 

algorithm  

 

The transfer function of conventional PI compensator can be 

expressed as 

 

(8) 

 

where kp is the proportional gain and ki is the integral gain of 

PI controller. The voltage error [e in Fig. 6(a)] is defined as 

 

(9) 

The closed-loop transfer function of the control system can 

be expressed as [36], [37]where Cpv is the PV array output 

capacitor shown in Fig. 2. The damping ratio ζ = 

kp/(2Cpvki/Cpv) and natural frequencyω2n= ki/Cpv. Thus, the 

parameters of the PI controller can be given as follows: 
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(10) 

where Cpv is the PV array output capacitor shown in Fig. 2. 

The damping ratio ζ = kp/(2Cpvki/Cpv) and natural 

frequencyω2n= ki/Cpv. Thus, the parameters of the PI 

controller can be given as follows: 

 

(11) 

The selected values for kp and ki are 1.5e−3 and 4.7, 

respectively. The same parameter values are used for 

experimental verification. 

 

III. SIMULATION RESULTS 

This section presents the simulation results of the MV dc 

bus PV system architecture. To validate the overall 

performance of the PV system, a 300-kW PV system was 

simulated using MATLAB/Simulink and PLECS [38], [39]. 

For simplicity purpose, three sections (100 kW each) of the 

large-scale PV system were considered, as shown in Fig. 2, 

taking into account that the simulation model of the power 

converter has been built using switching models. 

Additionally, losses were neglected for all simulation 

results. Each PV string contains a total of 45 PV panels, and 

the PV array section consists of 34 PV strings connected in 

parallel, reaching 99.5 kW. The parameters of the proposed 

PV system are given in Table III. The synchronous 

reference frame technique has been used to control the VSC 

[40]. As shown in Fig. 7, the VSC control block diagram 

consists of an outer control loop and an inner current control 

loop for each d- and q-axis. The outer control loops regulate 

the dc-bus voltage and the reactive power. The inner control 

loops regulate the active (icd) and reactive current (icq) by 

using PI controllers. Synchronization between the converter 

and the grid is achieved by using a three-phase phase-

locked-loop (PLL) technique [41], [42].The performance of 

the MPPT controller using the SSIB converter is shown in 

Fig. 8. Starting at the open circuit voltage of the PV array, 

the converter adjusts the PV array voltage toward the MPP 

voltage based on the MPPT controller shown in Fig. 6.As 

observed in Fig. 8, the MPPT controller maintains the PV 

array voltage at the MPP voltage with small variation. The 

steady-state and dynamic performance of the PV system 

were tested with a trapezoidal solar irradiation profile 

[36],[37], [43], as shown in Fig. 9(a). A trapezoidal solar 

irradiation profile has been chosen for the following reasons. 

For small intervals of time, the solar irradiation can be 

approximated with a linear slope/ramp. The inclination of 

the slope is chosen in accordance with the worst case 

scenario, when the solar irradiation changes rapidly due to 

fast moving low-altitude clouds. The flat part of the 

trapezoidal profile is considered as the steady-state 

condition, while the positive and negative slopes represent 

the dynamic conditions. The irradiation increases linearly 

from 300 to 1000 W/m2 over 1 s, remains steady 

at1000W/m2 for 1 s, then decreased linearly to 300 W/m2 

over1 s. The currents and voltages of the PV arrays are 

shown in Fig. 9(b) and (c), respectively. These show that the 

MPP current follows the solar irradiation profile, as it is 

directly affected by the solar irradiation, while the change in 

MPP voltage is relatively small. The MPPT algorithm 

ensures that the PV array is maintained at close to its MPP 

under rapidly changing solar irradiation. The dc-bus voltage 

and active/reactive power are shown in Fig. 9(d) and (e), 

respectively. The active power follows the solar irradiation 

profile. The dc-bus voltage and there active power are 

regulated at their specified reference values,7.5 kV and 0 

var, respectively. 

 

 

Fig. 9. MATLAB/Simulink Model of the Proposed PV 

Systems 
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Fig. 10. Simulation results. (a) Solar irradiation. (b) PV 

array currents. (c) PV array voltages. (d) DC-bus voltage. 

(e) Active and reactive power. 

 

V. CONCLUSION 

An MV dc-bus PV system architecture based on a 

high-gain SSIB dc–dc converter has been reported in this 

paper. The MV ac grid connection of a PV system using 

only one step-up transformer has been achieved by 

introducing the SSIB converter. Simulation and 

experimental results verified both the steady state and 

dynamic performance of the PV system architecture. The 

performance of the MPPT controller under rapidly changing 

solar irradiation conditions and the operation of the SSIB 

converter were confirmed. The N = 2, P = 1 SSIB converter 

achieved a voltage gain of 9.3 for a duty ratio of 0.71, thus 

proving that a PV system can achieve medium-voltage grid 

connection using only one step-up transformer. 
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