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Abstract— Small signal modelling is of great 

significance in power electronics and is a common 

analysis technique used to approximate the behavior of 

systems that evince extremely nonlinearity 

characteristics. They aid to ingress into stabilizing and in 

tuning the controllers as well. Over many power 

electronic converters’s small signal modelling have been 

interpreted throughout literature. Though, in few 

applications such as photovoltaic systems necessitate the 

introducing with capacitor located close to photovoltaic 

panels terminals. The above capacitor will be linked 

amid photovoltaic panel and power converter’s input 

side, is well-defined as an input capacitor. In recent 

investigation, it is established that impact of introducing 

input capacitor upon system stability was not dependent 

for PV fed boost converter. Yet, the result of input 

capacitor addition for all other power converters is not 

derived. In this paper, we develop small signal models 

under both CCM and DCM working conditions for 

photovoltaic fed non - ideal buck converter. The 

presumed load can be virtuously resistive and therefore 

it even remains acceptable for any functional loads. It is 

found that even for buck converter the stability of 

MPPT’s system is sovereign of input capacitance in both 

operating conditions and also it proves that MPPT 

system is open loop robust. 

Keywords - Continuous Conduction Mode (CCM), 

Discontinuous Conduction Mode (DCM), Photovoltaic 

(PV), maximum power point tracking (MPPT) 

I. INTRODUCTION  

Photovoltaic systems are among the most fragile of all the 
renewable sources of energy that are frequently classified as 

low – efficiency types of energy conversion. The current 

research therefore concentrates on enhancing the energy 

harnessing reliability by relying primarily on MPPT. The 

maximum power point tracking (MPPT) strategies typically 

include regulating the voltage and current of the panels 

utilizing power converter relying upon insolation levels and 

temperature [1] [2]. Every other system intended for control 

necessitates feedback. The feedback system is designed to 

meet stringent conditions like stability, including properties 

like time settling, overshooting [3].We require dynamic 
model for developing a robust feedback system. Such 

dynamics incorporated by parameters like inductors, 

capacitors is analyzed well with aid of small signal 

modelling. In Literature we can widely see models for 

stability of voltage control as well as current control 

methods.  

 
Fig. 1 schematic diagram for PV powered buck converter over 
MPPT mode connected to load [2] 

 

Nevertheless, stability models are rarely addressed for 

photovoltaic powered plant with an ancillary input 

capacitor. The analysis contemplates input capacitor through 

modelling. Nonetheless, there is no clear analysis of the 
influence for input capacitor upon stability. This is still 

uncertain if the input capacitor will have similar impact 

upon stability for other power converters or else may be it is 

unique to the converter. It is found that majority of models 

presume the converter is functioning in CCM. Nevertheless, 

PV systems are sometimes found to enter into DCM [4] 

Here are few points to remember from all the above 

discussions. Stability models are rarely addressed, 

specifically for PV fed system. The impact of input 

capacitance upon system stability is being addressed solely 

in recent studies for boost converter functioning in both 

CCM and DCM [6]. Therefore it is not investigated the 
impact of input capacitance upon system stability for 

photovoltaic fed systems for other power converters. 

Considering the subject under review, this paper’s findings 

are  

 It aims at developing a stability models by 

comprehensive derivations for a non- ideal buck 



                 International Journal of Engineering Applied Sciences and Technology, 2020    
                                        Vol. 5, Issue 3, ISSN No. 2455-2143, Pages 506-509 

                                  Published Online July 2020 in IJEAST (http://www.ijeast.com)                                                                                                                                                                                                                                                                                                                                                                                                                    
 

519 

 

converter functioning under both CCM and DCM 

modes. 

 Furthermore it demonstrates engrossing outcomes 

for both the modes like pole – zero cancellations 

contributing to pertinent result. 

II. SMALL SIGNAL MODEL 

Fig.1 displays the schematic diagram, where PV feeds non 

ideal buck converter connected to a load. Here load assumed 

is Resistive load, it can also be assumed as any other 

complex load. 𝑉𝑐𝑖𝑛
 represents voltage across the capacitor 

located to input side.𝑉𝑝𝑣  represents the voltage across 

photovoltaic panels and 𝑉𝑐  represents the votage across 

capacitor at the output side. 𝐼𝐿  represents current flowing 

through the inductor and 𝐼𝑝𝑣 represents current flowing 

through the PV terminals.𝐶𝑖𝑛  represents the capacitor which 

is connected amid the PV panels and buck converter called  

input capacitor. L represents inductor, C represents capacitor 

situated at output side of the buck converter.𝑉𝑜 represents the 

output voltage of the non – ideal buck converter. Small 

signal modeling is obtained by considering the effective 
series resistance (esr) of the circuit parameters. Here 

𝑟𝑐 , 𝑟𝑐𝑖𝑛
 , 𝑟𝑠𝑤  , 𝑟𝐿represents the non-idealities of parameters 

such as output capacitor, input capacitor, switch, and 

inductor correspondingly. 𝑉𝐷  represents the reduction in 

voltage in diode 𝐷𝑖 .  

 

Fig. 2: schematic illustrations of PV powered buck converter 
including feedback loop [2] 

 

Operating the system in MPPT mode is obligatory over 

plenty of other photovoltaic powered systems. The inputs 𝑉𝑝𝑣  

and  𝐼𝑝𝑣 is given to the MPPT controller to generate duty 

cycle d , so that it can transfer maximum from photovoltaic 

source to a load. The PV fed non ideal buck converter 

functional block diagram depiction can be seen via Fig.1 

accompanied by feedback loop is seen via Fig. 2. In general, 

the algorithm of maximum power point typically utilizes 𝑉𝑝𝑣  

and 𝐼𝑝𝑣 as inputs and produces a references called 𝑉𝑝𝑣𝑟𝑒𝑓
 or 

𝐼𝑝𝑣𝑟𝑒𝑓
 . The value of 𝑉𝑝𝑣  and 𝐼𝑝𝑣 should be governed by such 

references parameters in attempt to transmit the maximum 

power from photovoltaic source to load. To achieve this , 

voltage/current reference obtained from MPPT controller is 

evaluated by real value and perhaps the error  will be passed 

to PI controller so that it produce pulses to a buck converter’s 

switch. From Fig. 2 it is depicted, 𝐺1  (s) represents the 

transfer function of buck converter including input capacitor 

𝐶𝑖𝑛 .The feedback loop transfer function is represented by 

𝐺2(s), which comprises voltage and current sensors  and the 

controller used is PI. A primary and the most step is to derive 

transfer function of the plant for the design of any controller 

including P, PI, PID. Depending upon characteristic 
polynomial of hence derived transfer function of plant, 

controller poles and zeroes are determined. In this case, buck 

converter represents the plant including d as controlled input 

and 𝑖𝑝𝑣  represents controlled output. As Buck converter will 

function under continuous and discontinuous conduction 

modes, thus main intent will be to obtain the transfer 

function, 
𝑖𝑝𝑣(𝑠)

𝑑 (𝑠)
 in both cases as well as proving that the 

transfer function is open loop stable. Therefore in further 

cases we, initially infer the small signal modelling for buck 

converter in configuration of state space model 

representation given by 𝑋 ̇ = 𝐴𝑋 + 𝐵𝑈 and 𝑌 = 𝐶𝑋 +
𝐷𝑈 working in CCM mode proceeding by DCM mode , 

where X represents state variables vector given by X = [ 

𝑣𝑐𝑖𝑛
𝑖𝐿𝑣𝑐 ] , Y represents vector of output variables given by 

Y=[𝑖𝑝𝑣] , U represents the vector of input variables given by 

U = [𝑣𝑝𝑣𝑣𝑑 𝑑] 

 A:  Continuous Conduction Mode (CCM) 

Equations(1)-(9) represents the algebraic differential 

equations obtained for non-ideal buck converter displayed in 

Fig 1 for both the states of switch condition, ON state and 

OFF state. R represents the resistive load which is connected 

at the outlet of the buck converter. From equations (1)-(9),the  

averaged large signal model is obtained with the duty ratio d 
and it is linearized by considering the small ac perturbations 

with the average dc values to develop the small signal 

models shown by equation (10) and (11). To analyse the 

impact of maximum power point upon buck converter 

stability, we will be seeing the percussion influence of d on 

𝑖𝑝𝑣  and hence the transfer function 
𝑖𝑝𝑣(𝑠)

𝑑 (𝑠)
 is obtained by 

employing conventional methods from small signal models 

which is given by equation (12). 

ON Condition of the switch: 

𝑑𝑣𝑐𝑖𝑛

𝑑𝑡
=

(𝑣𝑝𝑣−𝑣𝑐𝑖𝑛
)

𝑟𝑐𝑖𝑛
𝐶𝑖𝑛

                                                  (1) 

𝑑𝑖𝐿 

𝑑𝑡
= 

1

𝐿
{𝑣𝑝𝑣 − 𝑖𝐿 (𝑟𝐿  +  𝑟𝑠𝑤  +

𝑅𝑟𝑐

𝑅+𝑟𝑐
) − 

𝑅𝑣𝑐

𝑅+𝑟𝑐
}      (2) 

 
𝑑𝑣𝑐

𝑑𝑡
= 

1

𝐶
{𝑖𝐿 (

𝑅

𝑅+𝑟𝑐
) − 

𝑣𝑐

(𝑅+𝑟𝑐)
}                                (3) 

 

𝑣𝑜 = 𝑣𝑐 (
𝑅

𝑅+𝑟𝑐
) + 𝑖𝐿 (

𝑅𝑟𝑐

𝑅+𝑟𝑐
)                                 (4) 

 

  𝑖𝑝𝑣 = 
𝑣𝑝𝑣 − 𝑣𝑐𝑖𝑛

𝑟𝑐𝑖𝑛
+ 𝑖𝐿                                           (5) 

 

OFF Condition of the switch: 

 

𝑑𝑣𝑐𝑖𝑛

𝑑𝑡
=

(𝑣𝑝𝑣−𝑣𝑐𝑖𝑛
)

𝑟𝑐𝑖𝑛
𝐶𝑖𝑛

                                                 (6) 

 
𝑑𝑖𝐿 

𝑑𝑡
  =   

1

𝐿
{−𝑖𝐿 (𝑟𝐿 +

𝑅𝑟𝑐

𝑅+𝑟𝑐
) − 

𝑅𝑣𝑐

𝑅+𝑟𝑐
− 𝑣𝑑}             (7) 
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𝑑𝑣𝑐

𝑑𝑡
= 

1

𝐶
{𝑖𝐿 (

𝑅

𝑅+𝑟𝑐
) − 

𝑣𝑐

(𝑅+𝑟𝑐)
}                                (8)  

 

𝑣𝑜 = 𝑣𝑐 (
𝑅

𝑅+𝑟𝑐
) + 𝑖𝐿 (

𝑅𝑟𝑐

𝑅+𝑟𝑐
)                                  (9)  

 

[

𝑣𝑐𝑖𝑛
.^

𝑖𝐿
.^

𝑣𝑐
.^

] =  

[
 
 
 
 

−1

𝑟𝑐𝑖𝑛
𝐶𝑖𝑛

0 0

0
−1

𝐿
(𝑟𝐿 + 𝑟𝑠𝑤𝐷 +

𝑅𝑟𝑐

𝑅+𝑟𝑐
)

−𝑅

𝐿(𝑅+𝑟𝑐)

0
𝑅

𝐶(𝑅+𝑟𝑐)

−1

𝐶(𝑅+𝑟𝑐)]
 
 
 
 

[

𝑣𝑐𝑖𝑛
^

𝑖̂𝐿
𝑣𝑐

] +

             

[
 
 
 

1

𝑟𝑐𝑖𝑛
𝐶𝑖𝑛

0 0

𝐷

𝐿

−𝐷′

𝐿

𝑣𝑝𝑣 + 𝑣𝑑  −  𝑟𝑠𝑤𝑖𝐿

𝐿

0 0 0 ]
 
 
 

[

𝑣𝑝𝑣
^

𝑣𝑑
^

𝑑̂

]           (10) 

 
 

[
𝑣0

^

𝑖𝑝𝑣
^ ]   =  [

0
𝑅𝑟𝑐

𝑅+𝑟𝑐

𝑅

𝑅+𝑟𝑐
−1

𝑟𝑐𝑖𝑛
1 0

]   [

𝑣𝑐𝑖𝑛
^

𝑖𝐿̂
𝑣𝑐

]+ [
0 0 0
1

𝑟𝑐𝑖𝑛
0 0]   [

𝑣𝑝𝑣
^

𝑣𝑑
^

𝑑̂

]            

                                                                     
                                                                                  (11) 
 

𝑖𝑝𝑣(𝑠)

𝑑(𝑠)
  = 

(𝑠+
1

𝑟𝑐𝑖𝑛
𝐶𝑖𝑛

)(𝑠+ 
1

𝐶(𝑅+𝑟𝑐)
)(

𝑣𝑝𝑣 + 𝑣𝑑 −  𝑟𝑠𝑤𝐼𝐿

𝐿
)

(𝑠+
1

𝑟𝑐𝑖𝑛
𝐶𝑖𝑛

){(𝑠+
1

𝐿
(𝑟𝐿+𝑟𝑠𝑤𝐷+

𝑅𝑟𝑐
𝑅+𝑟𝑐

))(𝑠+
1

𝐶(𝑅+𝑟𝑐)
)+ (

𝑅

𝐿(𝑅+𝑟𝑐)
)(

𝑅

𝐶(𝑅+𝑟𝑐)
)}

 

                                                                         (12) 

 

 
B: Discontinuous Conduction Mode (DCM) 

During the discontinuous mode of operation of the buck 
converter, the differential equations (13)-(26) are obtained 
for ON state, OFF state and the state when the inductor 
current is zero. These equations are averaged with duty 
cycles d1 and d2. d1 represents the ratio of ON time of the 
buck converter switch to the total switching period. d2 

represents the ratio of the inductor current when it returns to 
zero point during the OFF time of switch of the converter to 
the Ts (total switching period). The averaged model 
containing d1 and d2   should now be modified to eliminate d2 
[5]. 

ON Condition of the switch 

𝑑𝑣𝑐𝑖𝑛

𝑑𝑡
=

(𝑣𝑝𝑣−𝑣𝑐𝑖𝑛
)

𝑟𝑐𝑖𝑛
𝐶𝑖𝑛

                                             (13) 

𝑑𝑖𝐿 

𝑑𝑡
= 

1

𝐿
{𝑣𝑝𝑣 − 𝑖𝐿 (𝑟𝐿  +  𝑟𝑠𝑤  +

𝑅𝑟𝑐

𝑅+𝑟𝑐
) − 

𝑅𝑣𝑐

𝑅+𝑟𝑐
} (14) 

 
𝑑𝑣𝑐

𝑑𝑡
= 

1

𝐶
{𝑖𝐿 (

𝑅

𝑅+𝑟𝑐
) − 

𝑣𝑐

(𝑅+𝑟𝑐)
}                            (15) 

 

𝑣𝑜 = 𝑣𝑐 (
𝑅

𝑅+𝑟𝑐
) + 𝑖𝐿 (

𝑅𝑟𝑐

𝑅+𝑟𝑐
)                             (16) 

 

  𝑖𝑝𝑣 = 
𝑣𝑝𝑣 − 𝑣𝑐𝑖𝑛

𝑟𝑐𝑖𝑛
+ 𝑖𝐿                                        (17) 

OFF condition of the switch 

𝑑𝑣𝑐𝑖𝑛

𝑑𝑡
=

(𝑣𝑝𝑣−𝑣𝑐𝑖𝑛
)

𝑟𝑐𝑖𝑛
𝐶𝑖𝑛

                                              (18) 

 
𝑑𝑖𝐿 

𝑑𝑡
  =   

1

𝐿
{−𝑖𝐿 (𝑟𝐿 +

𝑅𝑟𝑐

𝑅+𝑟𝑐
) − 

𝑅𝑣𝑐

𝑅+𝑟𝑐
− 𝑣𝑑}          (19) 

 
𝑑𝑣𝑐

𝑑𝑡
= 

1

𝐶
{𝑖𝐿 (

𝑅

𝑅+𝑟𝑐
) − 

𝑣𝑐

(𝑅+𝑟𝑐)
}                             (20) 

 

𝑣𝑜 = 𝑣𝑐 (
𝑅

𝑅+𝑟𝑐
) + 𝑖𝐿 (

𝑅𝑟𝑐

𝑅+𝑟𝑐
)                              (21) 

 

During (𝟏 − 𝒅𝟏 − 𝒅𝟐)𝑻𝒔  : When the inductor current is 

zero 

 

𝑑𝑣𝑐𝑖𝑛

𝑑𝑡
=

(𝑣𝑝𝑣−𝑣𝑐𝑖𝑛
)

𝑟𝑐𝑖𝑛
𝐶𝑖𝑛

                                              (22) 

 
𝑑𝑖𝐿 

𝑑𝑡
 = 0                                                               (23) 

 
𝑑𝑣𝑐

𝑑𝑡
= 

1

𝐶
{− 

𝑣𝑐

(𝑅+𝑟𝑐)
}                                            (24) 

 

  𝑖𝑝𝑣 = 
𝑣𝑝𝑣 − 𝑣𝑐𝑖𝑛

𝑟𝑐𝑖𝑛
                                                (25) 

 

𝑣𝑜 = 𝑣𝑐 (
𝑅

𝑅+𝑟𝑐
)                                                 (26) 

 

Average inductor current of the buck converter is given by :     

𝑖𝐿 =
1

2
𝑖𝑝𝑘(𝑑1 + 𝑑2)                                           (27) 

Where 𝑖𝑝𝑘  represents the maximum inductor current, 

𝑖𝑝𝑘= 
(𝑣𝑝𝑣−𝑖𝐿(𝑟𝐿+𝑟𝑠𝑤)−𝑣𝑜)𝑑1𝑇𝑠

𝐿
substituting 𝑖𝑝𝑘  in equation (27) 

we obtain, 

𝑑2 = 
2𝐿𝑖𝐿

(𝑣𝑝𝑣−𝑖𝐿(𝑟𝐿+𝑟𝑠𝑤)−𝑣𝑜)𝑑1𝑇𝑠
− 𝑑1                  (28) 

 

Here 𝑇𝑠 represents the total switching period and it is given 

by 𝑇𝑠 =
1

𝑓𝑠
  and 𝑓𝑠 represents the switching frequency of the 

buck converter. From equation (28) which demonstrates 

𝑑2as a function of 𝑑1 has been further simply replaced in an 

averaged model to develop a model independent of 𝑑2. 
Therefore the model hence derived is linearised to develop 

the small signal models depicted by equations (29) and (30) 

and the co-efficient of the model is depicted in appendix. 

The transfer function for DCM is given by equation (31) 

 

[

𝑣𝑐𝑖𝑛

.^

𝑖𝐿
.^

𝑣𝑐
.^

] = [
𝑃11 𝑃12 𝑃13

𝑃21 𝑃22 𝑃23

𝑃31 𝑃32 𝑃33

] [

𝑣𝑐𝑖𝑛
^

𝑖̂𝐿
𝑣̂𝑐

] + [
𝑄11 𝑄12 𝑄13

𝑄21 𝑄22 𝑄23

𝑄31 𝑄32 𝑄33

] [

𝑣𝑝𝑣
^

𝑣𝑑
^

𝑑̂

]   (29) 

 

[
𝑣0

^

𝑖𝑝𝑣
^ ] = [

𝑊11 𝑊12 𝑊13

𝑊21 𝑊22 𝑊23
]  [

𝑣𝑐𝑖𝑛
^

𝑖̂𝐿
𝑣𝑐

]+  [
𝑆11 𝑆12 𝑆13

𝑆21 𝑆22 𝑆23
] [

𝑣𝑝𝑣
^

𝑣𝑑
^

𝑑̂

]  (30) 

 
 
𝑖𝑝𝑣(𝑠)

𝑑(𝑠)
= 

𝑄23(𝑠−𝑃11)(𝑠−𝑃33)

(𝑠−𝑃11)((𝑠−𝑃22)(𝑠−𝑃33)−𝑃33𝑃23
                                (31) 
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 C: Observations 

The extrapolations from contrast (12) and (31) are as follows 

1. From both CCM and DCM cases, has pole – zero 

cancellation located close to 𝑠 = −
1

𝑟𝑐𝑖𝑛
𝐶𝑖𝑛

. 

Because neither of the other expressions comprises 

𝑟𝑐𝑖𝑛
 and 𝐶𝑖𝑛,hence stability 

is autonomous of input capacitor. 
2.  In each of these CCM and DCM cases, the zero 

resides in Left Hand side of the Plane (LHP) which 

is a function of 𝑟𝑐, Load, Output Capacitance. 
3. Both for CCM and DCM cases, the characteristic 

equation includes all positive coefficients and as 

per the RH criteria (Routh-Hurwitz) for second 

order system, system is stable under all conditions. 

The observations derived above are not only true for 
𝑖𝑝𝑣(𝑠)

𝑑(𝑠)
 , 

this could also be shown by detailed derivations to obtain 

the transfer function for 
𝑣𝑝𝑣(𝑠)

𝑑(𝑠)
 , similar observations could 

be obtained. Thus it can be concluded that even for PV fed 
buck converter which is working under both CCM and 

DCM modes, the stability of MPPT system is not dependant 

on input capacitance and its esr and also it is open loop 

stable. The investigation which is carried out for boost 

converter in recent research holds good for buck converter 

giving the similar observations. 

III. SIMULATION RESULTS 

Designed parameters are given by, a PV Panel with PMPP,ref= 
74.5W, IMPP,ref = 4.4A, VMPP,ref= 17 V. A buck converter with 
Cin= 2000µF, rcin = 0.016Ω,L = 1.35mH, rL = 0.7 Ω, rsw = 50m 
Ω, vd = 1.65 V ,   C = 1000µF, fs = 25kHz , rc = 0.032 Ω. By 

substituting these values in the derived transfer function
𝑖𝑝𝑣(𝑠)

𝑑(𝑠)
 

, which is obtained from small signal models for both CCM 
and DCM case, we generate a bode plot using MATLAB 
Simulink. To illustrate the buck converter’s (plant ) open 
loop stability , the bode plots for transfer function in both the 
cases are represented in Fig 3 and Fig 4 respectively. The PV 
system is assumed to be run in constant current mode 
condition with 𝑖𝑝𝑣  = 4 A  and R = 20 Ω in Continuous 

Current Mode operation and the results are displayed. It is 
observed that gain margin (GM) is shown to be infinite and 
phase margin (PM) is equivalent to 92.3ᵒ implying that 
system is robust and stable. Similarly in DCM condition the 
bode plot is plotted for 𝑖𝑝𝑣  = 0.5 A and load with R = 2000 Ω 

, illustrating that the GM margin is infinite and PM is near to 
92.38ᵒ  proving that the system is open loop stable. 

 

Fig.4 : Bode Plots demonstrating open loop stability under constant 
current mode in CCM case 

 

Fig.4 : Bode plots demonstrating open loop stability under constant 
current mode in DCM case. 

IV. CONCLUSIONS 

In this paper, the investigation is carried out for PV powered 

non - ideal buck converter by researching the impact of 

additional capacitor at the photovoltaic system terminals on 

the system stability is been analyzed by the detailed 
derivations of small signal models. This investigation gave 

the similar conclusions from the recent research for PV fed 

boost converter. Stability models for other power converters 

were not derived yet. Including the non – idealities of the 

parameters the small signal models are obtained in both the 

operating modes, CCM and DCM. Through these models, 

transfer function is derived for both the operating modes 

which comprises an identical pair of pole and zero, which 

are the functions of input capacitor and its effective series 

resistance. It has also inferred by pole – zero cancellations 

that system stability is not dependent on input capacitor and 
esr. RH criteria shows that system is stable when all the co-

efficient are positive, and all poles and zeros lies in LHP of 

s plane indicating that system is open loop stable.  

 

V. FUTURE SCOPE 

This investigation can be performed for other power 

converters as well for the analysis of impact of introduction 

of input capacitor upon stability of system through small 

signal modelling. 

 

VI. APPENDIX 

 
 

𝑃11 = 
−1

𝑟𝑐𝑖𝑛
𝐶𝑖𝑛

  ;      𝑃33 = 
−1

𝐶(𝑅+𝑟𝑐)
 ; 
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𝑃12 = 𝑃13 = 𝑃21 = 𝑃31 = 0; 
 

𝑃23 = −
2𝐼𝐿

𝑅

𝑅+𝑟𝑐
{𝑣𝑑+𝑣𝑝𝑣−𝐼𝐿(𝑟𝐿+𝑟𝑠𝑤+

𝑅𝑟𝑐
𝑅+𝑟𝑐

)}

𝑑1𝑇𝑠(𝑣𝑝𝑣−𝐼𝐿(𝑟𝐿+𝑟𝑠𝑤+
𝑅𝑟𝑐

𝑅+𝑟𝑐
)−

𝑅𝑣𝑐 
𝑅+𝑟𝑐

)2
 + 

𝑑1
2𝑇𝑠𝑟𝑠𝑤𝑅

2𝐿2(𝑅+𝑟𝑐)
  ;       

 

𝑃32 =
𝑅

𝐶(𝑅+𝑟𝑐)
       ;   

 

𝑃22 =
−1

2𝐿2(𝑅+𝑟𝑐)
{2𝐿[𝑟𝐿(𝑅 + 𝑟𝑐) + 𝑅𝑟𝑐] + 𝑑1

2𝑇𝑠 [− (𝑟𝐿 +

𝑟𝑠𝑤 +
𝑅𝑟𝑐

𝑅+𝑟𝑐
) 𝑟𝑠𝑤(𝑅 + 𝑟𝑐)]} − (

2𝑅𝑣𝑐

𝑅+𝑟𝑐
+

2𝑣𝑑)(
𝑣𝑝𝑣−

𝑅𝑣𝑐
𝑅+𝑟𝑐

𝑑1𝑇𝑠[𝑣𝑝𝑣−𝐼𝐿(𝑟𝐿+𝑟𝑠𝑤+
𝑅𝑟𝑐

𝑅+𝑟𝑐
)−

𝑅𝑣𝑐 
𝑅+𝑟𝑐

]2
) ; 

 

   

𝑄11 = 
1

𝑟𝑐𝑖𝑛
𝐶𝑖𝑛

   ;   𝑄12 = 𝑄13 = 𝑄31 = 𝑄32 = 𝑄33 = 0 ; 

 

𝑄21 = −
𝑑1

2𝑇𝑠𝑟𝑠𝑤

2𝐿2  + 
𝑑1

𝐿
+ 

2𝐼𝐿(
𝑅𝑣𝑐

𝑅+𝑟𝑐
+𝑣𝑑)

𝑑1𝑇𝑠(𝑣𝑝𝑣−𝐼𝐿(𝑟𝐿+𝑟𝑠𝑤+
𝑅𝑟𝑐

𝑅+𝑟𝑐
)−

𝑅𝑣𝑐 
𝑅+𝑟𝑐

)2
  ; 

 

 

𝑄22 = 
−1

𝐿
 {

2𝐿 𝐼𝐿

𝑑1𝑇𝑠(𝑣𝑝𝑣−𝐼𝐿(𝑟𝐿+𝑟𝑠𝑤+
𝑅𝑟𝑐

𝑅+𝑟𝑐
)−

𝑅𝑣𝑐 
𝑅+𝑟𝑐

)
− 𝑑1}   ; 

 

 

𝑄23 = −
𝑑1𝑇𝑠

𝐿2 [𝑣𝑝𝑣 − 𝐼𝐿 (𝑟𝐿 + 𝑟𝑠𝑤 +
𝑅𝑟𝑐

𝑅+𝑟𝑐
) −

𝑅𝑣𝑐 

𝑅+𝑟𝑐
]𝑟𝑠𝑤 +

𝑣𝑝𝑣

𝐿
 + 

𝑣𝑑

𝐿
 + (

𝑣𝑑

𝐿
+ 

𝑅𝑣𝑐

𝐿 (𝑅+𝑟𝑐)
) {

2𝐿 𝐼𝐿

𝑑1
2𝑇𝑠(𝑣𝑝𝑣−𝐼𝐿(𝑟𝐿+𝑟𝑠𝑤+

𝑅𝑟𝑐
𝑅+𝑟𝑐

)−
𝑅𝑣𝑐 
𝑅+𝑟𝑐

)
} ; 

 

 

𝑆11 = 𝑆12 = 𝑆13 = 𝑆22 = 𝑆23  = 0 ; 𝐸21 = 
1

𝑟𝑐𝑖𝑛
  ; 

 𝑊11 = 𝑊23 = 0; 𝑊22 = 1; 
 

𝑊12 = 
𝑅𝑟𝑐

𝑅+𝑟𝑐
 ;  𝑊13 = 

𝑅

𝑅+𝑟𝑐
 ;  𝑊21 = - 

1

𝑟𝑐𝑖𝑛
 ; 
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