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ABSTRACT 
This article is Switching dc–dc converter is extensively used to interface the dc output of renewable energy resources with power 

distribution systems in order to facilitate with utilize of energy at the customer side. Sometimes the residential photovoltaic 

applications, high conversion ratio is frequently required. In order with adapt the low output voltages of PV module to a dc bus 

voltage, while dealing with the suitable impedance matching. In this paper a system connected to PV panel consisting of two 

cascaded dc–dc boost converters under sliding-mode control and functioning as loss free resistors is considered. First an ideal 

reduced order sliding-mode dynamics model is derived from the order switched model pleasing into account the sliding 

constraints. In this model to design-oriented averaged model is obtained and its dynamic behaviour is analyzed performance that 

the system is asymptotically globally constant. In addition, the proposed system can achieve a high conversion ratio with efficiency 

close to 97% for a wide range of running power. Mathematical simulations and experimental results support the theoretical 

analysis and demonstrate the advantages of this structural design in PV systems. 
 

KEYWORDS: Cascaded boost converters, loss-free resistor (LFR), MPPT, photovoltaic (PV) systems, sliding mode control 

(SMC). 
 

INTRODUCTION 
       

Clean renewable energy resources have been given growing interest in current years, due to concerns about 
global warming and its correlated harmful greenhouse effect, air quality, and sustainable enlargement [1]. In the 
future power grid not only the utilities, but also the user can generate electric power by aggregate distributed 
generation sources [2]. In that perspective, photovoltaic arrays, wind turbines, and batteries are used to feed a 
main (dc or ac) bus joined to its loads, as well as the utility grid, forming the so called nano grid system [3]. 
Nano grids can then work in the separate mode or they can be connected to the utility grid performing peak 
saving and soft transitions between the different modes of operation. While the comprehension of the nano grids 
of the future remains an open question, it seems that dc sharing systems will present numerous advantages with 
respect to ac systems, although the cheaper protection circuit breakers and lower maintenance costs of the latter. 
First, dc systems are additional efficient and can supply higher power quality with lower harmonics [4], [5]. 
Second, an important advantage of the dc based approach is the fact that power management can be entirely 
uninterrupted by having switched mode power converters featuring the current limit [6], allowing the ultimate 
aggregation of distributed making sources to the main dc grid [3], [7]. In such a perspective the future home 
electric system is foreseen to have two dc voltage levels occurred,  a main dc bus of high voltage (380 V) 
powering main home appliances and electric vehicle charging, and a low dc voltage bus (48 V) for supplying 
computer loads, low power consumer electronics [8]–[11]. The interconnection of housing scale PV systems to 
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such a main dc bus can characteristically be conceded out by two approaches. The first one consists of 
connecting the series string(s) of PV modules to a central power converter, which allows us to let alone high-
step up conversion ratios, with the disadvantages of high sensitivity to variance induced loss and losses due to a 
federal MPPT. However, the converter per element approach can present complications for achieving the 
required output voltage under unequal conditions of some PV modules, when converters are connected in 
sequence at the output [13]. As an unusual, PV modules can be connected in parallel to the dc bus. In such a 
case one of the key technology issue is the functioning of a power converter that interfaces the probably low 
voltage and power of the PV element to the main voltage dc delivered bus of 380 V. 

For this reason, it is required to have an variation stage with a high-voltage conversion ratio (above 10) in 
adding to good static and active performances, which should assurance a good impedance matching of the PV 
generator despite of the load variations and/or the weather conditions like fast moving clouds, temperature 
changes or even shadowing effects. The design of such a high-gain converter is not a easy task. Challenges 
comprise high conversion efficiency, little number of components, reliability, and high dynamic performance, 
resultant in appropriate MPPT precision and tracking speed [14]–[17]. Single stage solutions can present high 
efficiency. However they present drawback in the conversion ratio due to the finite commutation times of the 
power devices and the size of the reactive elements. A possible technique to deal with these problems is the 
addition of a step-up transformer. This is the normal approach in dc–ac applications where the step-up converter 
supplies an inverter [18]. However, the inclusion of a transformer limits the frequency of process and introduces 
switching surge in the circuit. A recently explored single-stage substitute is the use of coupled inductors as 
proposed in [19]–[22]. This process was exposed to be able to acclimatize a low voltage from a PV generator to 
a dc voltage of 200Vwith conversion efficiencies exceeding 95%. However, its large input current ripple 
imposes the use of an electrolytic capacitor with a high capacitance value in parallel with the PV generator so 
that the voltage ripple doesn’t affect the MPPT accuracy [14], [15], which in turn can concession reliability [16]. 
Finally, Z-source converter has been proposed as substitute for high-gain conversion [23], but this topology has 
limited conversion efficiency as reported in [24]. In this paper propose the use of a two stage approach based on 
a cascade connection of two boost converters. While this provides large conversion ratios and constant input 
current, the expected efficiency is low. In addition the cascaded connection of power converters has several 
intrinsic drawbacks concerning controller design and dynamic stability of the system, which can be tackled with 
well-known impedance ratio criterion by Middle brook [25]. We overcome these two problems as follows there. 
First we will prove that, although, conversion efficiencies are lower than those presented in [20], [21], this 
formation can provide efficiencies well above 90% for an output voltage of 380 V. Note that this structure can 
take advantage of novel silicon carbide diodes with breakdown voltages above 400 V, efficiently sinking the 
reverse recovery losses of the second stage. Second the dynamic stability is ensured with the use of a sliding-
mode control approach [26], [27] based on the loss-free resistor (LFR) concept [28], which was proven to be 
particularly advantageous in terms of toughness and performance in [29]. This process allows us to avoid the 
conventional frequency response approach exposed in [25], which is only valid, roughly the functioning point of 
the testing. The sliding-mode approaches provide a stable regulation regardless of  

 

 
 
Fig. 1: Dc grid connected to a PV module through cascaded dc to dc converters. 

 
Indecision and the intrinsic nonlinearities of the dynamics of switching dc–dc converters. Previous literature 

dealing with two cascaded boost converters for photovoltaic can be found in [30] and [31]. While [30] analyzed 
its efficiency, [31] established the global stability of the two cascaded boost converters using different canonical 
elements with a confident choice of MPPT controller output. This paper extends the results of this last paper 
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[31], including the nonlinear voltage & current characteristic of the PV element, the dynamics of the MPPT 
algorithm, and the nonlinear dynamics of the cascaded system with the proposed sliding mode controller (SMC). 
Further experimental results viewing efficiency measurements and signifying the advantages of the dynamic 
performance of this approach are provided. 

              
II. System Overview: 

The proposed conversion system is based on two cascaded boost converters behaving as LFRs as exposed 
in Fig. 1. This section describes briefly the different parts of the system the impedance matching of the 
photovoltaic characteristic, the comprehension of an SMC to obtain the LFR characteristic, and the MPPT 
circuit. 

 
A. Impedance Matching in PV Systems: 

The switching converters can be applied in element to connect a PV generator to a load. Fig. 2 illustrates 
the problem of identical a PV generator to a dc load using two cascaded boost converters functioning as LFRs. 
An LFR is a two port element which is categorized by its input current being proportional to the input voltage. 
The power absorbed by this input port is virtually transfer to the output without losses, i.e., the output port has 
an intrinsic power source characteristic [32],[33]. The output power can be expressed as a function of LFR 
conductance �1 = 1/�1        

   �� =   �	 = �
��                                  (1) 
 

 
                                (a) 

 
                                   (b) 
 

Fig. 2: Impedance matching of a PV module generator to a dc load using two cascaded boost-based LFRs. (a) 
Block diagram. (b) Power source characteristics of the LFR output port. 

 
 
       As significance, due to the feedback loop in the input side, the output power is not inclined by the 

output port variables as it can be shown in Fig. 2(b) [34]. This intrinsic characteristic of LFRs is of high 
consequence to avoid the influence of the load variations in the impedance matching of PV systems. The LFR 
ingredient does not exist logically but its separation can be carried out by using a switched mode converter [35]. 

 
Under precise conditions concerning sliding mode process and stability, the proportionality between the 

voltage and the current at the input port can be guaranteed in steady-state. Both PV generator and load have 
been modelled in the first quadrant I-V characteristic. The dc load can be modelled by means of a function  �2 =
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�	(�2), which corresponds to the one port description of the typical dc loads such as batteries, LED lamps, 
electrolytic cells, etc., and can be expressed generally by  

 �2 = �	(�) = ��� + ���                              (2) 
 
Where ��� > 0 and�� > 0. The analysis of the impedance matching will be carried out by considering a 

very miniature equivalent series resistance �� ⋍ 0 and with a nominal dc voltage ��� much greater than the 
open circuit voltage �	�    of the PV module. 

 

 
Fig. 3: Equivalent circuit diagram of the PV module model. 

 
According to the current & voltage characteristic of the photovoltaic  module, Fig. 4 show an equivalent 

circuit whose output current can be expressed as follows [36], [37]: 
    

 �� =  ��� − �	    !"#  �$%&'�$
()* + − 1+           (3) 

     
Where �� is the voltage of the module, ��� and �	 are the photo generated and diffusion currents 

respectively �,- is the thermal voltage which is given by �,- = ./012/3 where A is the diode quality factor, K 
is a Boltzmann constant, q is the charge of the electron, T is the PV module temperature, and  ./is the number 
of the cells connected in sequence. 

In adding, the photo generates current ��� depends on the irradiance and temperature as follows: 
 

�4( =  �56   5
57+ + 8,(2 − 29)                       (4) 

  
Where �/� is the short-circuit current, 29and :9 are the nominal temperature and irradiance, S is the ambient 

irradiance, and 8,  is the temperature coefficient. 
The implicit equation (3) is transformed to an unequivocal relation using the Lambert-W function, as in 

[38]. In this method a nonlinear relationship between the current �� and the voltage �� at the basic PV unit 
terminals can be obtained and expressed as follows: 

 

�� = �4( + �; −  ()*
&' <  &'=>

()* exp  �$%&'(=BC% =>)
()* ++             (5) 

 
B. Synthesis of LFR in Sliding-Mode Regime: 

The two cascaded switching converters is applied which under an appropriate SMC behave as LFRs. In this 
proposed system the switching functions for the two converters are given by 

 :
(D) = E�
�1 −  E�
�
                                                (6) :(D) = E��2 −  E��                                                (7) 
 
Where �
 , �
, �, � are the instantaneous input and transitional currents and voltages, respectively. In the 

steady state operation, the switching functions become zero. So the following relations between the steady state 
variables are obtained: 

 

:
(D) = 0 ⇒  �
H �
 �
  , �
 = IJK
ILK                           (8) 

 

:(D) = 0 ⇒  �H � �  , � = IJM
ILM              (9) 
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Where �
, �
, �, NOP � are the steady state averaged values of the input and transitional currents and 
voltages, respectively. In tradition the control strategy is given by a hysteretic control law with the following 
output values: 

 

Q�(R) = S0,   �� T� (R) > +ℎ V�|T�  (R)| < ℎ NOP T�(RY) = +ℎ
1, �� T� (R) > −ℎ V�|T�  (R)| < ℎ NOP T�(RY) = −ℎ Z                       (10) 

 
Where  T�  is the switching function which is also the input to the hysteresis controller of the point � and RY 

is the preceding instant when the control signal hit the switching restrictions defined by ±ℎ. It has to be pointed 
out that the existence of a hysteretic comparator (HC) in the feedback loop of each stage results in a variable 
switching frequency which depends generally on the hysteresis width ℎ and the operating point [39]. 

A possible circuit arrangement of this system with the cascaded boost converters and the PV module is 
depict. The circuit consists of two cascaded boost converters with their consequent SMC. The first sliding 
surface is describe by the switching function :
(D) =  �1 �� − �� for the first stage, Which establish the steady 
state relationship between the voltage of the module �� and the input current ��  where �1 is the output of the 
maximum power point tracking controller. The second sliding surface for the second stage is described by the 
switching function :2 (D) =  �2 ��1 − �\2 which established with the relationship between the transitional 
voltage vc1 and the transitional current �\2  where �2 = ]2 is a constant coefficient. 

 
C. Maximum Power Point Tracking: 

The goal of the maximum power point tracking circuit is to ensure that the photo voltaic module always 
operate at its maximum power point regardless of the temperature, isolation, and load deviation. A number of 
tracking algorithms have been functional for different types of dc to dc converter topologies [40]–[43]. The 
commonly used types of maximum power point tracking algorithms which can force the photo voltaic system to 
approach the maximum power point by increased or degreased a suitable control variable are used. While the 
figure shows a well known architecture [43], it is value to point out a few aspects which are applicable to the 
stability analysis. The HC provides a dual signal that initiate while the power time derived is +ve or -ve. This 
signal is introduce into a logic circuit with an inhibition delay ̂ � which establish, after a fixed time period, if the 
direction of maximum searching  _ has to be maintain or should be altered. The waiting interval ensures that the 
converter is operational in steady state when the resolution on modify or preservation of the control law sign is 
made. Thus in the proposed scheme the settling time of the photo voltaic voltage and current are directly related 
to the capacitor 8� and the loss free resistance �
 as it can be simply deduced from that process. The minimum 
time delay ̂� can then be defined as 

 2� ≥ 5�
,b-c8�             (11) 
 
Where �1, dN" is the maximum value that should be achieved by the maximum power point tracking 

algorithm. This maximum value can be found by consider the point where the photovoltaic characteristic 
presents the maximum power point at the maximum current and the lowest voltage which corresponds to the 
highest irradiation level and temperature. 

In the proposed model the maximum power point tracking algorithm is described by a square wave 
generator that can be improved by a microcontroller and an integrator as used. From this process the output �1 
of the ESC MPPT controller can be described as 

 

�1 = E
�� − IM
eK f �/,

; (g)Pg                                        (12) 

 
Where �/ =  Eh�� − _, 2
 = �i8
, E
 = �h�, E = �h/�
 

Eh = &j
&L , and �� is constant source voltage 

 
III. Mathematical Modeling And Stability Analysis: 
A. Switched Model: 

By applying Kirchhoff’s voltage and current laws to the circuit is used for proposed system, the following 
set of differential equations describing the system dynamical behavior is obtained: 

 ��kK
�, =  �$

�K −  (lK
�K (1 − Q
)             (13) 

��kM
�, = �lK

�M − (ml
�M (1 − Q)              (14) 
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��$
�, = �$

6$ − �kK
6$                (15) 

��lK
�, = �kK

6K (1 − Q
) − �kM
6K              (16) 

 
Where for the initial stage (respectively, next stage) Q
 = 1 when the switch :
 (respectively :) is closed 

and Q
 = 1    when the switch :
 (respectively :  ) is open. All the parameters that appear in (13)–(16)  
 

B. Equivalent Control: 
A reduced in order dynamical model can be used from the full order switched model by substitute the 

discontinuous binary signals Q
 and Q by their corresponding continuous variables Qno
(D)  and Qno(D) by 
taking into account the order decreased imposed by the sliding manifolds. This equivalent control variable is 
obtained by imposing that the trajectories are developing on the switching manifolds and hence one has pq(r) = ps q(r) = t And pu(r) = pus (r) = t. hence the following set of equations defined the sliding 
mode dynamics is obtained: 

 :1(D) = �
 �� − ��
 = 0            (17) 
 :2(D) = ] ��
 − �� = 0              (18) 

 

:s
(D) = �
 ��$
�, + �� �wK

�, − ��kK
�, = 0            (19) 

 

:s(D) =  ] ��lK
�, − ��kM

�, = 0           (20) 

 
Under sliding mode conditions the equivalent control variables Qno
(D)  and Qno(D) represent the control 

laws that describe the behavior of the system controlled to the switching surfaces where the system motion takes 
place on an average. Hence from (13)–(16) and (19)–(20), Qno
(D)  and Qno(D) can be expressed as follows 

 
Qno
  = 1 − �m

�lK − �x
�lK              (21) 

 

 Qno = 1 − 

(ml y��
 + z  ]��
 + wK�$

�lK ��+{                                                                                                   (22) 

 
Where z
 = �
\
/8� , z = �\/8
, �� = �� − z
|�� − �
��}, and �b =  ��\
(E(Eh�� − _)/2
). Note 

that the equivalent control variables Qno
(D)  and Qno(D) must be bounded between the minimum and the 
maximum values of Q
 and Q, respectively, i.e  

 0 ≤  Qno
 ≤  Qno(D) = 1            (23) 
 

C. Sliding-Mode Conditions and Ideal Dynamics: 
By imposing the existence conditions is given by (23) the sliding mode domain can be obtained. For 

instance in the plane��, ��
 and based on (21)–(23), the sliding mode system exists provided that ��
\ < ��\ 
where the certain values ��
\ and ��\ are given by 

 ��
\ = �� + �b               (24) 
 

��\ = (ml%�(ml%��MwK�$(
Y�M�M)(�m%�x)
(
Y�M�M)                           (25) 

   Other boundaries also exist but the ones expression given by (24) and (25) are the most restrictive. The 
equivalent control variables are Qno
(D)  and Qno(D) depend on �
, which is the output of the maximum power 
point tracking algorithm. Introducing (21) and (22) into (13)–(16) and considered (17)–(20) result in the 
following reduced order model for the ideal sliding-mode dynamics: 

 ��$
�, = �$

6$ − wK�$
6$                (26) 

 
��lK

�, =  wK�$M
6K�l
 � + �KwK�$

6K�l
 |�
�� − ��} − �M�lK
6K           (27) 
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�wK
�, = − I�(lY�

eK                             (28) 

 

 
 
Fig. 4: Schematic diagram for two cascaded boost-based LFRs connected to a PV module operating with an 

ESC MPPT controller. 
 
    Where � = 1 + E�/\
/^1 . The large signal ideal sliding mode dynamics given in (26)–(28) can be 

represent by the circuit is used. This model will be used for mathematical simulations after its validation by the 
full order switched model given in (13)–(16). The advantage of using this maximum signal reduced order model 
is the significant consumption time decrease if compared to the switched model. The inductor currents can be 
modelled by voltage controlled current sources which are governed by �
�� and ���
 as mentioned in the 
switching surface equations. It is worth viewing that the second term in (27) is very small.  

 
Table I: Parameters Of The Pv Module 

Parameter                                   value 
Number of cells ./                        36 cell  
Standard light intensity :;            1000 W/d 
Ref temperature 2�ni                     25	8 
Series resistance �/                      0.008 Ω 
Short-circuit current �/�;                5 A 
Saturation current �/�;                  3.8074.10Y� A 
Band energy �w                            1.12 
Ideality factor A                        1.2 
Temperature coefficient 8,           0.00065 A/C 
Open-circuit voltage �	�               26 V 
 
Therefore to simplify the large signal model block diagram, this term has been neglected. The following 

section provides numerical simulations viewing that the basin of attraction of this equilibrium point is indeed 
very large. 

 
IV. Numerical Simulations: 

In order to verify the previous theoretical results the original switched mode system is simulated in matlab 
using the schematic shown in Fig. 4. The solar module has an open circuit voltage around 22 V based on the 
data applied in matlab, its internal parameters being shown in Table I. Note that the input voltage depends on the 
weather conditions and varies between 0 V and open circuit voltage with a nominal maximum power point value 
of 22 V. Table II shows the rest of the system parameter. It has to be mention that the conductance ] has been 
selected in such a way that both stages work with approximately the similar duty cycle, which in this case 
corresponds to a conversion ratio of 5 for each stage or evenly an intermediate voltage ��
 around 80 V. It is 
worth mentioned also that the parasitic elements has been included in the matlab simulation shown in Fig. 4. 
They are the internal resistance of the inductors (��
 = 60dΩ) and�� = 130dΩ), the ON resistance of the 
MOSFETs �	9
 = 60dΩ and �	9 = 165dΩ and the internal resistances of the capacitors (��
=60mΩ and ��=130 mΩ), the ON resistance of the MOSFETs (�	9
= 60 mΩ and �	9 = 165 mΩ, and the internal 
resistances of the capacitors ��� = ��� = 0.1Ω 
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Fig. 5: Waveforms of the PV power of output voltage 580 V  
 
A. Numerical Simulation of the Proposed System: 

The validity of the ideal sliding mode dynamics model has been applied where the trajectories of both the 
ideal sliding mode and switched mode model is used. Three different initial condition points P1–P3 are 
considered, where the sliding mode restrictions defined by vc1 = vc1L and vc1 = vc2L, as defined in (24) and 
(25), are also plotted. It can be observed that the system trajectories converge to the limit cycle in the vicinity of 
the greatest power point in all the cases. For point P2 the ideal and switched mode trajectories are in faultless 
agreement. The given input voltage from the solar panel is 26V shows in fig 7. For points P1 and P3, the 
variance between the ideal and switched trajectories is due to the fact that these points are exterior the sliding 
mode domain described previously used.  

The steady state behavior of the system in the state plane (vp , vc1 ) using the full order switched model and 
the reduced order ideal sliding mode dynamics model. The concordance between the results obtain from the 
different models is significant. Hence it can be viewing that the system converges to a limit cycle in the vicinity 
of the MPP in all the cases. It delivered output current   is 0.145A shows in fig 6. The final output voltage is 
displayed with the fig 16. It can be noticed that the output voltage and the output current for the photovoltaic 
module have triangular waveforms and they are 180; out of phase Therefore each partial period of the current 
or voltage the maximum value of the power is reached. 

 

 
 
Fig. 6: Waveforms of the PV power of output current 0.0145A 

 
B. Comparison of the Proposed Approach with a Previously Reported Solution [20]: 

In this section present a comparison that illustrate the advantages and limitations of the proposed converter 
and control approach. As mention in previous section there exists extensive literature in high gain conversion 
topologies. The coupled inductor single stage solution proposed in [20] and [21] has been selected for the 
comparison.  
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Fig. 7: Waveforms of the PV power input voltage of 26V 
 
This coupled inductor converter was applied to deal with the same problem of interfacing photovoltaic 

modules with a high dc voltage in [21], and has the benefits of high efficiency power conversion with only one 
controllable switch. The larger input voltage and input current ripples of the coupled inductor converter do not 
allowed us to raise the maximum power point tracking gain because a higher variation from the maximum 
power point would be expected under those conditions. It is worth to remark that a very large and large coupled 
inductance should be considered in order to have a switching ripple similar to the one achieved with the 
cascaded boost converters.  

In terms of cost and size the coupled inductor converter required three diodes three capacitors a MOSFET, 
and coupled inductor used. The cascaded boost converter needed two diodes two capacitances two MOSFETs 
and two inductors which for the same input current ripple they will have smaller volume with respect to the 
coupled inductor. The proposed system present lower volume and smaller number of components while 
compare with the high step up gain converter. In common the proposed system is simpler than the coupled 
inductor converter as regards the functioning or the stability analysis. As disadvantages the cascaded boost 
converter required some added external circuitry for the sliding mode control and some driving for the two 
MOSFETs which presents lower conversion efficiency. 

 
C. Steady-State Results: 

In order to assess the cascaded system efficiency measurements for three different input voltages within a 
range of output power were occupied. The prototypes present efficiencies above 90% for a wide range of output 
powers and input voltages achieved peak efficiency close to 95% for a conversion ratio between output and 
input voltages above 25. It is worth to point out that it can be accepted that both efficiency and power density 
would raised with the use of GaN devices in a near future, given their improved ON resistance and output 
capacitance which would also allowed a significant increase of the switching frequency. 

 
Conclusion: 

High voltage conversion ratios can be achieve by using a cascade connection of dc to dc boost converters in 
order to step up the low voltage of a photo voltaic module to the dc voltage of the grid (580 V). This cascade 
connection can be energetically controlled with a sliding mode scheme imposing a loss free resistor such that the 
input current is proportional to the input voltage. The process of the circuit has been analyzed theoretically and 
with mathematical simulations using the photo voltaic (PV) and MPPT models which are plugged in the ideal 
sliding mode dynamic model. In this model which has been validating by using the full order switched model 
has the advantage of faster simulation time. Using the loss free resistor canonical element with SMC in the 
cascade connection add simplicity for the stability analysis and the implementation. The proposed systems have 
been compared with a coupled inductor converter report in [20] in terms of dynamic performance number of 
components, volume and simplicity. While the coupled inductor converter achieved slightly larger conversion 
efficiency, the proposed system provides improved dynamic properties and higher reliability. Finally with the 
proposed system a high conversion ratio can be achieved together with very fast track speed high efficiency for 
the converters, and high static maximum power point tracking (MPPT) efficiency, which allows us to obtain the 
maximum available energy from the photovoltaic (PV) module. 
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