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Abstract: This paper provides a detailed analysis of a dc to ac conversion unit as a building block of a modular multilevel 
converter for grid integration of photovoltaic (PV) systems. Each conversion unit contains a PV-linked multi-active-bridge 
(MAB) dc-dc converter followed by a grid-connected single-phase cascaded inverter. Using MAB topology can reduce the 
size and cost of the entire system as more conversion cells are connected to the same transformer. To integrate the PV 
outputs and maintain the maximum power point tracking (MPPT), different conversion cell topologies are feasible for the 
MAB converter. This paper provides a comparison between the feasible topologies of the conversion cells in terms of the 
conversion efficiency, reliability, power transfer ability, cost, size, control complexity and generated ripple. The steady-state 
operation and the control technique of the selected topology are presented in detail. Some control techniques are 
introduced to improve the system’s efficiency and MPPT performance of the conversion cell. A prototype of the conversion 
cell is developed to validate the proposed topology and the control techniques.  
 
 
1. Introduction 
 
Nowadays there is an increasing interest in the photovoltaic 
(PV) renewable energy systems due to the continuous 
improvement in their performance and reduction of the 
installation cost [1]. To integrate the low-voltage (LV) PV 
systems into the medium-voltage (MV) distribution networks, 
modular multi-level converters (MMCs) have been the most 
promising topology [2], [3]. They have presented many 
advantages such as utilizing low rating switching components 
for high voltage applications, reliability and redundancy due 
to the modular structure, galvanic isolation and compact size 
[4]. Other advantages are lower generated harmonics and 
electromagnetic interference and high compatibility with the 
smart-grid control techniques [4], [5]. The structure of the 
MMCs contains several dc-ac converter units connected in 
series to form each phase of the three-phase system. Each 
converter unit contains a dc-dc converter to boost the voltage 
of the PV panels and maintain the maximum power point 
tracking (MPPT) followed by a cascaded grid-connected 
single-phase inverter [5]. Dual active bridge (DAB) topology 
has been widely used at the dc-dc conversion stage due to the 
simple structure and control, soft-switching capability and 
high efficiency [4], [6]. It has been used as a building block in 
the dc-dc conversion stage of the modular smart transformers 
[7]. The DAB converter topology was introduced in [8] and it 
includes two full-bridge dc-ac conversion cells linked to a 
high-frequency transformer. The topology can be further 
extended to the multi-active bridge (MAB) converter by 
connecting more active bridges to a multi-winding 
transformer (MWT) [9]. The resultant topology leads to a 
reduced number of conversion cells and transformers which 
reduces the system size and cost of the system, while still 
preserves the same advantages [10]. The multi-winding 
transformer (MWT) operates as a common magnetic bus to 
integrate the energies in the form of magnetic flux [11]-[13]. 
The power flow in the MWT is controlled by a phase shift 
control technique [9]-[13]. The most common MAB converter 
topologies are triple-active bridge (TAB) [12], and quadruple-
active bridge (QAB) [13]. However, increasing the number of 

bridges and transformer windings to more than four leads to 
the complexity in the structure and design of MWT [14], [15]. 
Application of MAB converter with different configurations 
in the modular smart transformers and the resulting 
advantages are studied in [10] and only the full-bridge 
topology is considered as dc-ac conversion cell in the 
proposed systems. However, some other dc-ac conversion 
cells that are feasible for MAB converter application are 
suggested in [16]. The most common topologies employed for 
this application are full-bridge (FB) [17], half-bridge (HB) 
[18], current-fed half-bridge (CFHB) [19] and current-fed full-
bridge (CFFB) [20].  A CFHB conversion cell is proposed in 
[21] for high power PV-linked converters to reduce the size 
and cost of the system. However, start-up circuits are required 
to control the converter at the starting time as the duty cycle 
in this topology can never be less than 50 % [4]. A topology 
of PV-linked MMC based on the DAB converter is proposed 
in [20]. However, the topology can be further simplified by 
combining the DAB converters into the MAB configuration as 
suggested in this paper. 
    To select a proper topology of conversion cell, the 
characteristics of the cell such as reliability, efficiency, cost 
and size play an important role due to the modular structure of 
the converter. Furthermore, some other factors such as 
generated current ripple and MPPT capability are of important 
factors in the case of the PV-linked converter. Due to the 
intermittent nature of irradiation level and temperature, the 
maximum power extracted from a PV port is variable and 
depends on climatological conditions [22]. Therefore, the 
conversion cell should be able to maintain the maximum 
power point tracking (MPPT) of the PV panel [23]. On the 
other hand, the PV output voltage level is low and needs to be 
boosted before applying to the inverter stage. The selected 
topology also should generate minimum current ripple on the 
PV output as high current ripple deteriorates the MPPT 
performance and the PV panel efficiency [24],[25]. The boost 
dc-dc converters have been conventionally used to step up the 
PV output voltage and realize the MPPT [26], [27]. However, 
a dc-ac converter is still required to link the PV output to the 
MWT. 



 
Fig.1.  (a) Structure of the proposed modular multi-level converter and (b) detailed schematic of each conversion cell 
 
 

     In this paper, a topology of a PV-linked grid-connected 
MMC is proposed as presented in Fig.1. As can be seen, each 
phase of the converter includes a series connection of multiple 
converter units and each unit includes a MAB dc-dc converter 
(either TAB or QAB topology) followed by a cascaded single- 
phase inverter. The DC-DC or DC-AC conversion cells are 
mainly full-bridge topologies as presented in more detail in the 
fig.1.(b). However, in the case of PV-linked DC-AC 
conversion cells (cell 1, 2 and 3) there are several feasible 
topologies including FB, HB, CFHB and CFFB. Therefore, a 
comparative analysis is performed to select a proper topology 
of the dc-ac conversion cell for the MAB converter from these 
topologies. The main features of the topologies in terms of 
efficiency, power transfer range, switching loss, size, cost, 
reliability and generated current ripple are compared. The 
selected converter unit then is studied in more detail for 
steady-state operation and control technique. Several control 
techniques are used to improve the performance of the 
converter unit. A synchronized voltage balance (SVB) 
technique is used to reduce the root-mean-square (RMS) and 
the peak value of currents in the windings of the transformer 
and switching devices and improve the converter efficiency. 
A resonant-proportional-integral (PIR) compensator is used in 
the control system to reduce the low-frequency ripple 
propagated from inverter output on the PV bus and improve 
the MPPT performance.  
    The presented comparison in this paper takes more 
parameters into account in contrast to the previously published 
papers. Furthermore, the results can be used for other 
applications such as modular smart transformers, multi-level 
converters, and multi-active bridge converters. 

   The rest of the paper is organized as follows. The 
comparative analysis of the feasible topologies and selection 
of appropriate conversion cell is presented in section 2. The 
steady-state operation and control technique of the selected 
topology are studied in section 3 and 4, respectively. The 
experimental test results are presented in section 5. 
Conclusions are derived in section 6. 
 
2. Selection of DC to AC Conversion Cell 

 

   The topology of the proposed grid-connected PV-linked 
converter is presented in Fig.1. As can be seen, the system 
includes three-phase wye-connected dc to ac PV-linked 
conversion legs. Each leg (as presented for phase A) contains 
n cascaded converter units to transfer the energy generated by 
the PV panels to the utility grid. Each individual unit includes 
a PV-linked MAB dc-dc converter followed by a cascaded 
single phase inverter. A stabilizing unit provides a 
bidirectional power flow by linking a battery to each phase 
through a DAB dc-dc converter followed by a bidirectional 
inverter. The proposed unit is used to balance the phase 
voltage in transients and compensate for the solar shading 
effects. The DAB converter topology is well-stablished and 
studied in the literature [28]. It includes two half bridge dc-ac 
converters interlinked by a high-frequency transformer and 
the bidirectional power flow control can be achieved easily by 
a phase shift control technique. The power flows from the 
battery to the inverter and output line when there is not enough 
PV generation. In the case that the PV generation is more than 
required power, it is absorbed by the battery by reversing the 
power flow direction and operation of the inverter as rectifier. 
The battery in this research is selected a lead-acid battery that  
 



is selected due to the characteristics, cost and availability.  
   The MAB converter includes multiple dc-ac conversion 
cells (presented as Cell 1 to 4) which can be in the form of FB, 
HB, CFFB or CFHB topologies. The performance of the 
conversion cell is important in the quality of the entire system 
due to the modular structure. A comparative study is presented 
in this section to select the proper conversion cell for the MAB 
converter. From an analytical point of view, any n-port MAB 
converter can be decomposed into n (n-1)/2 DAB converter 
[10]. Therefore, the DAB converter is used as a base topology  
to simulate and compare the characteristics and performance 
of the conversion cells. The simulation circuit is presented in 
Fig.2. The left-hand side cell can be selected as one of the FB, 
HB, CFHB or CFFB topologies as presented in Fig.3. The 
simulation results are used to evaluate and compare the 
performance of the topologies. The compared features include 
the power transfer range, efficiency, switching loss and 
generated current ripple. The circuit parameters are selected 
as: V1=V2=100V, P12=70W, N1=N2=10, L1=L'2=0.01 μH, 
Lm=50 mH, rL1=rL2=0.01Ω, and Rm= 50 Ω and real-
characteristic switches are considered. Other effective factors 
such as estimated cost and size of the topologies, reliability, 
and the control complexity also have been considered. 
Following sections provide more detail on each of the 
compared parameters. 
 

2.1. Cost of the Topologies 
 

The cost of the conversion cells can effectively determine 
the total cost of the converter due to the modular structure. To 
estimate the cost of the topologies, the number of the main 
components such as switching device, diode, capacitor, 
inductor and transformer and their average price in the market 
for each range of power has been taken into account. The total 
cost of the topologies is roughly calculated for a nominal 
power ranges from 1kW to 5kW as presented in Fig.4 (a). It 
can be seen that the total cost for the CFFB topology is the 
highest and the FB topology is the lowest for all ranges of the 
rated power. Therefore, the normalized cost factors for FB, 
HB, CFHB and CFFB topologies can be estimated as 1, 0.86, 
0.72 and 0.61 respectively where the higher value of the cost 
factor is given to the lowest cost. 

 
2.2. Power Transfer Efficiency  

 

This factor is defined as the ratio of the power transferred 
from source V1 to V2, (P12) to the input power (P1) for phase 
shift angle ranges between 0 to π/2.  As illustrated in Fig.4 (b), 
at the lower phase shift angles, the power transfer efficiency 
decreases in all types of topologies as transferred power is 
comparable to the switching and conduction losses. The HB, 
FB, and CFHB topologies presented higher efficiency 
compared to that of CFFB, especially for lower phase shift 
angles. 
2.3. Single Switch Power Loss Ratio 

 

      The switching loss is another indicator to study the 
performance of the topologies and is defined as the ratio of 
loss in a single switch to the input power maintaining the same 
load conditions for all topologies. As illustrated in Fig.5 (a), 
the switching loss of HB and CFHB are slightly higher than 
that of CFFB and FB. However, the ratio of loss to input power 
increases in all topologies at lower phase shift angles (Less 
than π/12).  
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Fig.2. Simulation circuit of DAB converter using PSIM 
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Fig.3. The simulated dc-ac converter cells 

2.4. Generated Current Ripple  
 

    The percentage of the generated ripple in the current 
received from the input voltage source is an important factor 
due to the effect on the PV operation and MPPT performance. 
The ripple factor at different phase shift angles is determined 
for the topologies from 
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where Irms is the root-mean-square (RMS) and Iavg the average 
current received from the PV output. The ripple factor is 
determined without using a low-pass filter to indicate the 
nature of the topologies. As presented in Fig.5 (b), the current 
ripple increased for all topologies for small phase shift angles 
(Less than π/12). However, CFFB presented the lowest, and 
FB and HB topologies presented the highest ripple for higher 
phase shift angles.  
 
2.5. Power Transfer Range 

 

The power transfer range is defined as the amount of power 
transferred from port one to port two (P12) based on the phase 
shift angle assuming same input power for all topologies. The 
transferred power for all topologies is normalized to the CFFB 
topology as the highest value for easier comparison as 
illustrated in Fig.6 (a).  

 

2.6. Size of the Topologies 
 

The occupied size of the topologies is an important factor, 
particularly in modular systems. In this paper, the size of the 
topologies are estimated by integrating the average size of the 
main components of each topology from 



Table 1 Failure rate and life time for the main components  
Component IGBT Capacitor Inductor 

Failure Rate 
(/1000000 hours) 

0.241 1.071 0.012 

Life time (hour) 458,000 125,000 2,153,000 

 
Table 2 Comparison of reliability factor for four topologies 

Topology 
Parameter 

FB HB CFHB CFFB 

MTBF 1,037,344 381,097 379,362 648,200 

Life time 
(hrs) 

458,000 125,000 125,000 260,000 

Reliability 
Factor 

1.00 0.74 0.62 0.84 

 

 
Table 3 Complexity factors of the topologies 

Topology 
Complexity element 

FB  HB  CF 
HB  

CF 
FB  

Number of switching 
devices 

4 2 2 4 

Number of controllable 
parameters 

1 2 3 2 

Number of driving signals 2 2 2 2 
Number of voltage balance 
circuits 

1 2 2 1 

Complexity factor 1 0.8 0.7 0.9 
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where Ai is the seated area of i-th component on the printed 
circuit board (PCB) and hmax the height of the highest 
component. A 20% additional area is considered as spare area 
between the components. Fig.6 (b), shows the estimated size 
of each topology for different ranges of rated power. As can 
be seen, the estimated size of the FB topology is less than 
others because it contains no capacitor and inductor.  
 
2.7. Reliability Assessment  

 

 The reliability of the topologies is an important factor in 
the safety and reliability of the entire MMC system due to the 
modular structure [29], [30]. The reliability assessment of the 
converters is mainly based on the reliability of their 
components using either ‘parts count’ or ‘life test’ techniques 
[31]. Reliability is defined as the probability that a system can 
perform a required function under given conditions for a given 
time interval and is determined from [31] 
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where λ is the failure rate of the system and is defined as the 
number of failures during a specific test time [30]. In the case 
of a conversion cell, the failure rate of the cell is determined 
by the failure rate of its components assuming that a failure in 
any component results in a system failure [31]. Therefore, the 
failure rate of each conversion cell (λs) is the sum of failure 
rates of all included components (according to probability 
theory) and is defined from 
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where λj is the component failure rate per million hours [31]. 
Normally, it is assumed that the component failure rate is 
constant for the time period considered which seems to be 
realistic for most of electronic components. The failure rate of 
the components can be defined for a period of one million 
hours according to the military handbook of MIL-HDBK-
217F [32] and is calculated by 
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where λb is the base failure rate of the component and πi the i-
th modification factor which modifies the base failure rate 
according to the environmental and operational conditions 
[30], [33]. The main factors that need to be considered are 
operating temperature, Electrical stress (voltage and current),  
mechanical stress and operation mode (continuous, periodic or 
intermittent). However, in this paper, almost the same 
operation temperature and mechanical stress are considered 
for all topologies and the results of numerical simulation are 
used for electrical stress and operation mode.  
  To determine the failure rate of each topology, the failure rate 
and the lifetime of the main components of the topologies in 
operating temperature (T=70 oC) are evaluated as presented in 
Table 1. Fig.7 illustrates the main stages of reliability 
assessment in brief. The resultant values of reliability for all 
topologies are normalized to represent the reliability factors as 
presented in Table 2. The FB topology presented the best 
reliability as it does not have any installed capacitors as the 
less reliable components. 
 
2.8. Complexity Assessment 
 

   To compare the complexity of the topologies, some 
indicators such as the number of switching devices, driving 
signals, required voltage balance circuits and the parameters 
that need to be controlled (voltage or current) have been taken 
into account. The reason that the number of the switching 
device is considered as a complexity indicator is that each 
switching device needs a gate drive circuit which increases the 
complexity of the conversion cell. The complexity factors of 
the topologies are presented in Table 3 and the topology with 
less complexity obtained a higher grade. 
     To do the overall assessment, the above mentioned 
evaluated factors are normalized considering maximum and 
minimum values for all the topologies by 

1)(0,)(
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where Xi (norm), Xmax, Xmin, and X are the normalized, 
maximum, minimum and actual value of the parameter, 
respectively. The normalized values for each topology then 
are added together by applying appropriate weighting factors. 
The weighting factor (δi) for each parameter represents the 
importance of the parameter in the final assessment 
considering the design objectives and operation conditions. In 
this paper the weighting factors are selected according to the 
PV-linked conversion cell requirements and current ripple, 
reliability, efficiency and power transfer range received the 
maximum importance. The summation of all weighting factors 
should be equal to one. The normalized evaluation factors of 
the topologies and the selected weighting factors are 
illustrated in Tables 4 and 5. To find the best topologies  
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Fig.4. (a) total cost of topologies versus range of power and, (b) power transfer efficiency of topologies versus phase shift 
angle 
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Fig.5. (a) single switch power loss of the topologies and, (b) percentage of ripple factor versus phase shift angle 
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Fig.6 (a) power transfer range of the topologies versus phase shift angle and, (b) size of the topologies based on the power 
range.  
 
according to the design objectives, the normalized weighted 
parameters can be presented in the form of evaluation charts 
for all topologies as presented in Fig.8. The proper topology 
then can be selected based on the covered area in the 
evaluation chart. Alternatively, the overall evaluation factor, 
(K*) for each of the topologies can be calculated by summing 
up all effective factors multiplied by their weighting factor 
from 

)](.[
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Finally, the evaluation factor of the FB, HB, CFHB and CFFB 
topologies is determined as 0.831, 0.716, 0.781, and 0.875, 
respectively. performance and is selected as the appropriate 

conversion cell topology for the proposed PV-linked 
converter. This also can be found from the presented 
evaluation charts. Furthermore, it provides more flexibility for 
simultaneous power flow and the MPPT control as will be 
discussed in the next section. 
 

3. Steady State Operation of the Converter Unit 
 

    This section provides a detailed analysis of the converter 
unit including a PV-linked QAB dc-dc converter and a grid-
connected single-phase inverter as a building block of the PV-
linked MMC (referring to Fig.1). Three CFFB conversion 
cells presented as cell 2, 3 and 4, are used to boost the PV 
outputs to the HVDC bus and the inverter. As discussed in 
section 2, the CFFB topology presented the minimum ripple 
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Fig.7. Reliability assessment diagram for the conversion cells 
 
Table 4 Normalized parameters of three topologies 

Topologies 
Evaluation parameters 

FB HB CFHB CFFB 

Cost 1.00 0.86 0.72 0.61 
Size 1.00 0.80 0.70 0.60 
Reliability 1.00 0.74 0.62 0.84 
Control complexity 1.00 0.80 0.70 0.90 
Current ripple 0.50 0.50 0.80 1.00 
Switching loss 0.80 1.00 0.80 1.00 
Efficiency 0.95 0.90 1.00 0.80 
Power transfer range 0.80 0.60 0.80 1.00 

 
Table 5 Weighting factors for evaluation 
Evaluation 
parameter 

Weighting 
factor 

Evaluation 
 parameter 

Weighting 
factor 

Cost 0.10 Current ripple 0.23 
Reliability 0.18 Size 0.05  
Efficiency 0.16 Control 

complexity 
0.05 

Switching loss 0.05 Power 
transfer range 

0.18  

 
on the PV output current which is an important factor for the 
MPPT performance [4]. It can be modelled as the interleaved 
boost converters cascaded by a voltage source full bridge dc 
to ac converter as presented in Fig.9. The full bridge switches 
S1, S2, S3 and S4 have been shared in both converters and C2 is 
used as an energy buffer between the two conversion stages. 
The PV voltage is boosted by the interleaved converters and 
the extracted PV power is sent to C2 and low-voltage dc 
(LVDC) bus (VLVDC=VC2). 
   The conversion cell should be designed to operate in 
continuous conduction mode (CCM) for the whole operation 
range. This minimizes the ripples on the current derived from 
the PV panel due to the interleaving effect. To realize the 
MPPT, the duty ratio of S3 and S4 is changed according to the 
MPPT algorithm to adjust the output voltage from PV (VPV) 
on the desired value. The full bridge dc-ac converter then 
changes VLVDC to a rectangular high-frequency voltage 
(vt) linked to the transformer winding. 
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Fig.8. The characteristics evaluation chart of topologies. (a) 
HB and FB. (b) CFHB and CFFB. 
 
The relation between the duty cycle of S3 or S4 (presented as 
D) and duty cycle of vt (presented as D') is defined as  
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On the other hand, a square wave voltage (Vt1) with the same 
frequency is generated from the high-voltage dc bus (VHVDC)  
by full bridge in cell 1. Fig.10 shows the waveforms of the 
voltage and current in the CFFB conversion cell where D=0.4, 
D'=0.8, and φ21 =π/6. The waveforms of other conversion cells 
are similar assuming almost similar irradiation and 
temperature for all PV panels connected to the same converter 
unit. The power flow between the PV-linked conversion cell 
“X” (where X=2, 3 and 4) to cell 1 presented as PX1 is 

controlled by a leading phase-sift φX1 and can be calculated 
from [34] 
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Fig.9. The equivalent circuit of the PV-linked CFFB conversion cell 
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Fig.10. The waveforms of the conversion unit 
 
where VHVDC , fs, LX and L'1 are respectively the dc voltage of 
the inverter bus, switching frequency, the leakage inductance 
of the transformer winding linked to the conversion cell “X” 
and the referred value of leakage inductance of the winding in 
cell 1. Furthermore, nX1=NX/N1 represents the turns ratio of 
winding X to one. As D is changed independently according 
to the MPPT requirement, D' is dependent on D and cannot be 
used to control the power flow. Therefore, the phase shift 
angle (φX1) is used as another degree of freedom to regulate 
VLVDC on the desired value and also control the power flow 
between the PV-linked cells and cell 1. Fig.11 (a) shows the 
variation of VC2 for a wide range of duty cycle and phase shift 
angle, φ. However, the variation range of D and  may be 
limited for some dc bus voltages. Fig.11 (b) shows that the 
variation range for Vbus=40 V is much less than the Vbus=120 
V. The operation modes of the MAB converter depends on the 
variation range of duty ratio D (from 0 to 1) and phase shift 
angle φ (from 0 to π). In the proposed converter the practical 
phase shift angle is less than π/2, and the duty cycle, D, is 
changed around 0.5 to achieve higher efficiency [4]. The ZVS 
operation mode of the converter is in a limited range although, 
in the case of equal volt-second for all windings of the 
magnetic link, ZVS operation is guaranteed. To minimize the 
RMS and peak current and consequently the conduction loss 
in the transformer winding and guarantee a full range of ZVS 
operation for all conversion cells, the volt-second product on 
all windings of the MWT should be kept equal [4], [34]. 
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Fig.11. Variation of dc voltage of the PV port based on the 
duty cycle and phase shift angle 
 
Therefore, VLVDC is adjusted according to the VHVDC level at 
the inverter side. This is known as synchronized voltage 
balance (SVB) technique. The reference voltage for the LVDC 
bus in the cell X (VL⃰VDC,X) is defined from 

HVDC
X

XLVDC V
D

n
V 1

,     (10) 

The capacitor C2 is used as an energy storage component and 
buffer between two conversion stages. However, it needs to be 



selected properly to cancel out the low-frequency (2ω) voltage 
ripples reflected from the inverter output on the HVDC bus 
and the PV output. A proper design can significantly improve 
the MPPT performance. The minimum value of required 
capacitance depending on the voltage ripple (∆Vripple) and 
VLVDC is determined by [4] 
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where vm and im are the peak value of the inverter output 
voltage and current, ωg the grid frequency and ∆Vripple the 
reflected voltage ripple. It should be noted that to maximize 
the utilization factor of the PV panels; the voltage ripple is 
recommended to be less than 8.5 % [35]. 
   The output voltage of the PV panels does not change in a 
wide range due to the irradiation and temperature levels and 
the main effect is on the output current. Therefore, the 
maximum power point (MPP) is changing in the PV panel 
which needs to be tracked accordingly using an appropriate 
MPPT algorithm. An efficient MPPT method should provide 
a fast and accurate tracking response with minimum 
oscillations around the steady-state operating point for a wide 
range of variations in the solar irradiation and temperature 
levels. Therefore, a large number of MPPT algorithm can be 
found in the literature [36]. In this paper, the incremental 
conductance (INC) method is used due to the accuracy and 
minimum effects on the PV operating point. To improve the 
dynamic response of the method a variable step size algorithm 
is employed [36]. The step size is automatically adjusted 
according to the distance between the current operation point 
and maximum power point. The step size increases when the 
operating point is far from MPP, and it decreases when the 
operation point is near to the MPP. The steps are applied 
directly to the duty ratio of the interleaved converter to adjust 
the output voltage of the PV on the MPP voltage (Vmpp). Each 
step change in duty ratio is calculated by the voltage and 
power of the PV port at k and k-1 sampling times from
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where N(k) is the scaling factor that is used to adjust the step 
size efficiently and P(k)=V(k)*I(k) the PV power at the 
sampling time k.  
 
4.  Analysis and Design of the Control System 
 

The control system of the proposed MMC includes the 
local controllers of each converter unit and a master controller 
which communicates to the smart-grid control center.  This 
section provides a review of the analysis and design of the 
local controller of each converter unit only. Detail of the 
master controller operation remains for future publication.  
Each local controller includes an MPPT control system to 
maximize the PV output powers, a power flow control system 
which controls the power flow in the QAB converter, and a 
direct current control loop for the single-phase inverter as will 
be discussed in the following section. 

 
4.1. Design of the PV Output Controller  
 

     As presented in Fig.9, the PV-linked CFFB conversion cell 
can be decomposed into the interleaved boost converter 
followed by a voltage source full-bridge dc-ac converter. To 
adjust the PV operation point on the MPP, the output voltage 

VC1 should be adjusted accurately according to the MPPT 
algorithm requirements. The design procedure of the 
interleaved converter is carried out for a single leg due to the 
similarity of components and operation principles of two boost 
converters. To design the controller, a small signal model of 
the conversion cell is required. As presented in Fig.9, the PV 
panel is modeled with the Thevenin equivalent circuit at the 
operation point due to the slow dynamic response of the PV 
[4]. The equivalent resistor Rmpp can be calculated 
fromRmpp=Vmpp/Impp where Vmpp and Impp are the PV panel 
output voltage and output current at the MPP respectively.  

To design a more robust controller for adjusting the PV 
voltage on MPP, a dual loop control system including inner 
inductor current and outer PV voltage control loops is 
proposed. To design the controller, the transfer function of the 
PV output voltage as the control output to the inductor current 
as the control input is required. The average state equation of 
the PV voltage based on the inductor current can be written as 
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Adding small signal variations to the equation and considering 
only the ac elements, the equation can be rewritten as 
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The transfer function of the PV voltage to the inductor current 
then can be determined using the Laplace transform of (14) as  
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On the other hand, the state space equations for inductor 
current over a complete switching cycle can be written as 
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The final equation by averaging (16) over a complete 
operating cycle is obtained as 
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Adding the small signal variations and taking Laplace 
transform, results in the following equation for the inductor 
current.  
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where Gi-V and Gi-D are the transfer functions of the LVDC bus 
voltage (VC2) and the duty cycle (D) to the inductor current 
respectively and are defined from 
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Fig.12 shows the designed dual loop control system. The 
bandwidth of the inner current control loop should be selected 
much higher than that of the PV voltage control loop. 
Therefore, a low-bandwidth control loop with more robustness 
and stability can be used for PV voltage control. The control 
blocks H1(s) and H2(s) are the transfer functions of low-pass 
first-order filters that filter out the high-frequency components 
of the PV voltage and inductor current respectively and are 
defined as 
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Fig.12. Block diagram of the PV voltage control system 
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where τ1 =0.95 ms and τ2 =0.5 ms are the time constants of the 
filters. The feedback gains of Kf1 and Kf2 are selected 
according to the signal conditioning circuit parameters. The 
compensator blocks Cv-PV and Ci-PV are the proportional-
integral (PI) controller transfer functions of the voltage and  
current control loops respectively and can be presented in the 
general form as 

s

K
KsC I

P )(     (21) 

where the proportional (KP) and the integral (KI) gains are 
determined based on the required crossover frequency (ωc) 
and the phase margin (φm) of the voltage and current control 
loops [37], [38]. Assuming that the PI controller transfer 
function is given as  
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Then the design problem is to find KP and KI   for a chosen 
crossover frequency (ωc) and phase margin (φm) such that 
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From (23), we can find the following equations  
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Finally, from (22) and (24) the values of controller coefficient 
can be determined as 
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Table 6 The PV port parameters for small signal analysis 
C1              100 µf 
C2            1200 µf 
rL              300 mΩ 

VPV              10-40 V 
VLVDC         120 V 
L1,L2          100 µH 

fs                 10 kHz 
fmppt          10 Hz 
Ki, Kv      0.8, 0.05 

 
and G(jωc) is the open loop transfer function of the outer 
voltage or inner current control loops. The resultant transfer 
functions of the inductor current control (Ci-PV) and the PV 
voltage control (Cv-PV) are obtained as  
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Fig.13. Magnitude and phase bode diagrams of the PV output 
voltage and dc bus voltage control loops 
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where ω=100π.  As can be seen in (28), a resonant component 
at ω=100π is added to the current control loop to increase the 
loop gain at f=50 Hz and reduce the effect of low-frequency 
ripples propagated from the inverter bus [4]. This improves  
the stability of the PV operation point and MPPT performance. 
The bode diagrams of the inductor current and the PV voltage 
control loops are simulated for the converter unit for 
parameters illustrated in Table 6 and presented in Fig.13. 
    The current loop has a crossover frequency of fci=2.5 kHz 
(ωci=16000 rad/s), gain margin of 60 dB and phase margin of 
15º. On the other hand, the PV voltage control loop has a 
crossover frequency of fcv=25 Hz (ωcv=160 rad/s), a gain 
margin of 120 dB and the phase margin of 45º. Comparing the 
bandwidths of the voltage and current control loops shows that 
the current control loop has a much higher speed response 
compared to the voltage control loop (fcv<< fci) which means a 
faster reaction of the inductor current control loop. 
 
4.2. Design of Power Flow Controller in QAB Converter 

 
As presented in Fig.9, the conversion cell is modeled as an 
interleaved boost converter followed by a full bridge dc-ac 
converter. As the duty cycle D' is changing independently 
according to the MPPT requirement and is determined by D, 
to control the power flow from PV-linked cells to the HVDC 
bus and regulate VLVDC, the phase shift angle (φX1) can be used 
as another degree of freedom. Fig.14 illustrates the designed 
control system for the voltage regulation of the LVDC bus of 
the PV-linked conversion cells and the power flow to the 
HVDC bus. As can be seen, the reference voltage of the dc bus 
(V*

LVDC) in each of the PV-linked cells is determined according 
to the reference signal generated based on the SVB rule 
presented in (10). 
    The PI controllers are determined similarly to the PV output 
control loop. However, the required cross-over frequency and 
the phase margin should be designed for slower dynamic 
response compared to that of PV output control to avoid the 
interference between the control loops and undesirable 
oscillations and instabilities during the transient times. The 
amplitude and phase bode diagrams of the designed control 
system are presented in Fig.13. As can be seen, the cross-over 
frequency of the loop is about 180 Hz which is much less than 
that of PV output control (2.5 kHz).  
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Fig.14. Block diagram of the DC bus voltage control system 
in the QAB converter 
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Fig.15. The control scheme of bi-directional single phase 
inverter 
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Fig.16. Nichols chart including phase and gain margins of the 
designed control loops. 
 
     In the inverter stage, a direct current-control technique is 
used to force the instantaneous output current of the inverter 
to follow the reference signal provided by the master 
controller as illustrated in Fig.15. The referenced signal is 
synchronized with the grid voltage by using a PLL block to 
provides high power factor, low THD and fast dynamic 
response [34], [35]. The PI compensator coefficients are  
determined similarly according to the required crossing 
frequency and phase margins of the current control loop. As 
the inverter current is controlled independently according to 
the provided reference, the output voltage amplitude varies 
according to the generated PV power. Therefore, the  
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Fig.17. The experimentally developed conversion cell for the 
modular multi-level converter. 
 
stabilization unit is used to balance the voltage level attributed 
to each phase of the MMC. The inverter stage is designed for 
operation in a unity power factor. However, operation in non-
unity power factor with reactive power control using a d-q 
control technique is currently under study and remains for 
future publication. Fig.16 depicts the Nichols chart of the 
proposed control systems where the phase margin (PM), gain 
margin (GM) and cross-over frequencies are presented clearly. 
 
5. Experimental test results 
 

   To validate the performance of the proposed converter unit 
for the PV-linked MMC, a 4.5 kW conversion unit including 
a PV-linked QAB dc-dc converter followed by a single-phase 
inverter was experimentally developed as presented in Fig.17. 
Two DSP controllers (C2000/TMS320F28335) are used to 
locally control the TAB converter and inverter. The system 
level control is performed by a PC using MATLAB. The lead 
acid batteries are used in stabilization unit considering their 
characteristics [39]. The  voltage and current samples of all 
PV ports, inverter input and output are received by Hall-effect 
voltage (LEM/LV25-P) and current (LEM/LTSR25-NP) 
sensors. The MPPT process for each conversion cell is 
performed individually every 100 ms (f=10 Hz). The QAB 
converter is implemented by using IGBT switches 
(IKW40T120) and onboard driver integrated circuit VLA567-
01R. The single-phase inverter is realized by the full bridge 
unit with similar switches and the driver boards. Fig.18 shows 
the experimentally measured waveforms of the interleaved 
boost converter and the resultant voltage and current in 
winding one and three of the MWT for two different operating 
conditions. The voltage and currents in ports two and four are 
similar to winding three due to the similarity in temperature 
and irradiation levels of all PV panels. Fig.19 (a) shows the 
experimental waveforms of the inverter output after passing 
through an output lowpass filter. However, in the case of 
multiple cascaded inverters, there is not any lowpass filter and 
the output voltage is a PWM signal where the output current 
is filtered out by series inductor in each phase. The voltage 
ripple on the LVDC and HVDC buses are also presented.As 
can be seen, for output ac power (PO=1.5 kW), the voltage 
ripple on the HVDC and LVDC buses are about 14 VP and 4 
VP respectively.  
   To show the MPPT performance, the PV voltage and current 
variation during a step change in irradiation from α=500 W/m2 
to α=800 W/m2 are recorded and presented in Fig.19 (b). As 
can be seen, the operation point of the PV closely tracks the 
irradiation change during transient time and the output power  
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Fig.18. The experimentally measured waveforms of the 
inductor currents in the interleaved boost converters and the 
TAB converter voltage and current for two cases: (a) D=0.8, 
φ31=π/4, IL≈19 A and (b) D=0.6, φ31=π/6, IL≈14 A. 
 
increases from 140 W to 350 W.  Fig.20 (a) shows the dynamic 
response of the proposed control systems when irradiation 
level changes from α=500 W/m2 to α=800 W/m2 and the PV 
output power from 140W to 350W. The inverter output current 
increases from 5AP-P to 10AP-P due to the current oriented 
control mode while the PV output voltage remains almost  
constant. The voltage ripple of the HVDC and LVDC buses 
increases to 24 VP-P and 8 VP-P respectively. Fig.20 (b) shows 
similar waveforms when the irradiation level changes from 
600 W/m2 to 800 W/m2. However, the inverter voltage drops 
when the output current follows the reference value provided 
by the master controller as PV generation is less than the 
expected value. The voltage ripple of the HVDC and LVDC 
busses follows the same trend. However, bus voltages 
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Fig.19. (a) The experimental waveforms of the inverter output 
current (io), output voltage (vo), and low-frequency ripples of 
the high voltage (VHVDC ) and low-voltage (VLVDC ) dc 
buses. (b) Trajectory of MPPT operation for irradiation 
change from 600 W/sqm. to 800 W/sqm. 
 
decrease due to the generated power limit. Fig.19 shows that 
using SVB technique improved the converter unit efficiency 
for the entire range of processing power and it increased by 
5% at PO=3.5 kW. On the other  hand, using resonant element 
in the compensation block of the inductor current control loop, 
effectively reduced the low-frequency (2ω) ripple in the PV 
output voltage by 4% at 1.5 kW power as illustrated in Fig.20. 
  
6. Conclusion 
 

    This paper proposed a topology of a PV-linked grid-
connected MMC. A comparison has been performed to select 
a proper topology of PV-linked dc-ac conversion cell from the 
feasible topologies, and the CFFB topology presented a better 
performance in terms of generated current ripple, reliability, 
power transfer range, cost, and size. The selected conversion 
cell then was studied in detail for the steady-state operation 
and control technique. Using SVB technique improved the 
system’s efficiency by 5% and adding a resonant element as a 
compensator in the PV output current control loop, reduced 
the voltage ripple of the PV output by 4 % and improved the 
MPPT performance. A prototype of the proposed converter 
unit is implemented and experimentally tested to validate the 
application in the suggested MMC topology. 
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Fig.20. The dynamic response of the conversion cell against a 
change in the irradiation level of the PV port presenting PV 
voltage, current and power, the inverter output voltage and 
current, VHVDC and VLVDC . (a) from 500 W/sqm. to 800 W/sqm. 
(b) from 600 W/sqm. to 800 W/sqm 
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Fig.21. The measured efficiency of the conversion cell for two cases 
of with and without using SBVS technique. 
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Fig.22. The effect of using resonant element on the low-
frequency ripple of the PV output voltage 
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