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 ABSTRACT- High power applications such as motor drive control requires a higher voltage level of the DC-DC power 

converter fed from low-level DC input sources. For increasing the output voltage, a gain of the converter is increased using the 

pump circuit consisting of inductors and capacitors connected in different forms. The effect of adding the energy storage elements 

includes the parasitic resistances in the converter and affects the performance. This research paper is intended to model and 

investigate the effects of non-idealities in two stages cascaded lift circuit type Luo converter with positive output voltage. To analyze 

the non-ideal effects, state-space averaging (SSA) technique is used to model the converter. The converter is modeled in the presence 

of equivalent series resistance (ESR) of inductances and capacitances to study the effect of parasitic resistances on the converter 

performances. The transient and frequency response of the converter is plotted using the MATLAB simulation and observed that 

the ringing in the transient response is damped and oscillation at corner frequency is mitigated. The effect of ESR reduces the voltage 

gain and improves the stability of the system by increasing the gain and phase margin. Step response and bode plot of the converter 

is plotted at ideal and non- ideal condition. 
 

Keywords: Relift Luo Converter, state-space averaging, transfer function model, phase margin, gain margin. 

 

 

 

░ 1. INTRODUCTION   
It is essential to boost the input source with low magnitude into 

an output with high magnitude for applications like DC drive 

systems, electric vehicles, battery charging and distributed 

generation. There are so many non- isolated topologies 

discussed in the literature to boost the output voltage from low-

level sources such as cascaded boost [1], in which the basic 

boost converter is connected in series to increase the gain.  In 

split inductor type Luo converter the pump inductor L is split in 

stages to increase the gain  [2], In split capacitor type Luo 

converter the pump capacitor C is split in stages to improve the 

gain [3] and  in hybrid split inductor and capacitor both pump 

inductor and capacitor is split in stages to boost the gain [4]. 

Application of Half bridge multiport converters in CubeSat with 

multiple inputs to increase the DC bus voltage is discussed in 

[5].  Zeta converter applied to solar water pumping model with 

improved gain and analysis of the converter is discussed in [6]. 

LLC resonant converter realization with SiC MOSFET switch 

improves the voltage gain, power density and efficiency of the 

converter [7] One such high voltage gain converter is Luo 

converter [8], [9] with different stages such as elementary and 

additional series super-lift converter. 
 

This paper focuses on the relift type Luo converter [10] with 

two lift circuits cascaded together to improve the gain of the 

converter. In two stage cascaded Luo converter type the voltage 

gain is increased in geometric progression from initial stage to 

n stage. Though the voltage gain increases, complexity of the 

converter design, control and realization is also increased with 

the stages. The advantages of super-lift Luo converter compared 

to other topology is requirement of only one switch for any 

stages of realization, this reduces the complexity in control and 

PWM generation. 
 

In order to study the non-ideal effects, on the behavior of the 

cascaded two stage lift circuit type Luo converter at steady and 

transient state a mathematical model of the converter is 
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required. A different modelling approach are discussed in the 

literature such as switching flow graph [11], state space 

averaging (SSA) [12], average PWM switch [13] and energy 

factor approach [14] to deduce the output to input voltage 

transfer function. Out of these methods, SSA method simplifies 

the task of achieving transfer functions with less time and 

complexity. This paper model the non- ideal cascaded two stage 

lift Luo converter (NI-CTSLLC) using SSA technique and the 

MATLAB simulation software is used to compute the 

coefficient matrices of the average model. Time and frequency 

responses are plotted to infer the transient, steady state and 

stability of the NI- CTSLLC. The responses of the NI- CTSLLC 

are compared with the ideal cascaded two stage lift Luo 

converter (I-CTSLLC). From the above survey, it is inferred 

that different topologies are available and in each topology the 

energy storage elements inductors and capacitors are connected 

in the different forms to increase the gain of the converter. But 

in these high gain converters discussed, the effects of parasitic 

of the energy storage elements on the performance of the 

converter is not dealt. Moreover, the transient, steady state 

response and stability of the converter are analyzed for ideal 

conditions. 

 

Following this section, the paper is structured into different 

sections with section 2 describing the operations of NI-

CTSLLC and the state space modelling of the NI-CTSLLC are 

deduced   in the section 3. Section 4 elaborates the derivation of 

transfer function using SSA and computation of coefficient 

matrices. Time and frequency response comparison are 

discussed in the section 5. Finally, conclusion is drafted in the 

section 6. 
 

░ 2. OPERATION OF NI-CTSLLC 
In this section, operation of cascaded two stage lift LUO 

converter (CTSLLC) with positive output is discussed, which is 

a sixth order system. The complete circuit of CTSLLC is shown 

in fig 1. The circuit operation is discussed with the assumption 

that the converter is operating in the continuous conduction 

mode CCM. CTSLLC consists of first stage lift circuit 

components pump inductor L1, diodes D1 and D2, capacitors C1, 

C2. The second stage lift circuit components are inductor L2, 

diodes D3 and D4, capacitors C2, C4 and switch S. The 

equivalent series resistance (ESR) of the first stage lift circuit 

inductor is r1 and capacitors are r2, r3. In the same manner, ESR 

of the second stage lift circuit inductor is r4 and capacitors are 

r5, r6. 

 

NI-CTSLLC operation when switch S is closed is highlighted 

in fig. 2. At switch – ON mode time elapse, energy stored in the 

pump inductor L1 is increased and the inductor voltage is equal 

to Vin. The Input supply voltage Vin forward biases the diode D1 

and the voltage across the capacitor C2 equal to V1 reverse 

biases the diode D2. Pump inductor L2 stores the energy and the 

voltage across the inductor L2 is equal to the first stage lift 

circuit voltage V1. Voltage VC4 across the capacitor C4 reverse 

biases the diode D4. 

 

                                Figure 1: NI- CTSLLC circuit 

Operation of NI-CTSLLC during switch-OFF condition is 

shown in fig. 3. Voltage across the capacitor C1 reverse biases 

the diode D1. Voltage on the input side, inductor VL1 and voltage 

across the capacitor C1 forward biases the diode D2 and charges 

the first stage lift circuit capacitor C2 to V1. First stage lift circuit 

voltage V1 and voltage across inductor L2 forward biases the 

diode D4 and charges the capacitor C4. Voltage across the 

capacitor C3 reverse biases the diode D3. In OFF- state Diode D5 

is reverse biased by the voltage across the inductor L2, which is 

greater than the diode D5 anode voltage. 
 

       
 

Figure 2: NI- CTSLLC   t ON   equivalent circuit 
 

 
 

Figure 3: NI- CTSLLC   t OFF   equivalent circuit 
 

During ton the voltage across the capacitor C1 is charged to the 

supply voltage Vin and the voltage across the capacitor C1 is 

equal to 10.02 V at the steady state condition as shown in the 

fig 4. During toff state, the capacitor C2 is charged to the voltage 

equal to Vin + VL1+VC1. As shown in fig 4 the voltage across the 

capacitor C2 at steady state is equal to 33.87V.  Capacitor C3 is 

charged to the first stage output voltage equal to the voltage 

across the capacitor C2. From the fig 4, at steady state the 

voltage across the capacitor C3 is equal to 32.43 V during ton. 

During toff, the energy stored in the inductor L2 and C3, charges 

the capacitor C4 to (V1 + VL2+ VC3). So the voltage across the 

capacitor C4 is equal to 105.54V at steady state condition, which 

is also equal to the output voltage V0. Ripple in the output 

voltage of CTSSLLC is shown in the fig 5. From the fig 5, it is 

inferred that the maximum peak to peak ripple voltage is equal 

to 10 mV and the ripple factor is equal to .0009% which is very 

http://www.ijeer.forexjournal.co.in/
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much less than the standard value of 1%, so the output voltage 

is a stiffed DC voltage. 
 

 
    

 Figure 4: Voltage waveforms across the capacitors C1, C2, C3 and 

C4  
 

 
 

Figure 5: Ripple Voltage of CTSLLC 

 
 

Figure 6: Output voltage of CTSLLC with variation in duty ratio 
 

 
 

Figure 7: Output voltage of CTSLLC with variation in the load 

resistance 

Output voltage variation with respect to change in the duty cycle 

is shown in the fig 6. It is inferred that CTSSLLC increases its 

output voltage with change in the duty ratio. For 0.6 duty ration 

the steady state output voltage is equal to 147.65 V. Fig 7 shows 

the output voltage variation with respect to change in the load 

resistance with duty ratio fixed to 0.5 and input voltage equal to 

12 V.  It is observed from fig 7 for 100Ω load the steady state 

output voltage is equal to 97.92 V and with 400 Ω load 

resistance the output voltage is increased to 105.2V. This 

increase in the output voltage is caused due to decrease in the 

input current drawn from the source and drop in the passive 

components. 

░ 3. STATE SPACE MODELLING OF 

NI-CTSLLC 
Modelling of the converter is done to predict the transient and 

steady state response. This paper utilizes the SSA approach to 

model and infer the performance of the converter. Normally in 

any converters, state equations are written by choosing the state 

variables. State variables are equal to the energy storage 

elements in the converter.  In NI- CTSLLC, six energy storage 

elements are used so six state variables such as x1 equal to 

inductor current iL1, x2 equal to capacitor voltage vC1, x3 equal 

to capacitor voltage vC2, x4 equal to inductor current iL2, x5 equal 

to capacitor voltage vC3 and x6 equal to capacitor voltage vC4 are 

chosen with u and y as input and output variable [15]. 

Turn-ON equivalent state equations for the first stage lift circuit 

are 
 

diL1

dt
= x1̇ =

1

L1
u −

r1

L1
x1                                            (1) 

 

dvc1

dt
= x2̇ = 

1

r1c1
u −

1

r1 c1
x2                                 (2) 

 

dvc2

dt
= ẋ3 = 

1

c2(r3+r5)
x5 −

r5

c2(r3+r5)
x4 −

1

c2(r3+r5)
x3            (3) 

        

Turn-ON equivalent state equations for second stage lift circuit 

are       
                

diL2

dt
= ẋ4 =

1

L2(1+r3)
x5 −

r4−r3+r3.r4

L2(1+r3)
x4 +

r3

r5(1+r3)
x5            (4) 

       

dvc3

dt
= x5̇ =

1

L2(r3+r5)
x3 −

1

c3(r3+r5)
x5 −

r3

c3(r3+r5)
x4              (5) 

 

 
dvc4

dt
= ẋ6 =

1

(R+r6)𝑐4
x6                                            (6) 

 

Output equation  

  𝑌(t) =
R

R+r6
 x6                                                              (7) 

 

Turn-OFF equivalent state equations for the first stage lift 

circuit are 
 

diL1

dt
= ẋ1 =

1

L1
u1 −

(r1+r2+r3)

L1
x1 +

1

𝐿1
x2 −

1

L1
x3 +

r3

L1
x4        (8) 

 

dvc1

dt
= ẋ2 =

−1

𝑐1
x1                                                                  (9) 

 

 
dvc2

dt
= ẋ3 =

1

c2
x1 −

2

r3c2
x3 +

1

r3c2
x5 −

x4

c2
              (10) 

 

Turn- OFF equivalent state equations for the second stage lift 

circuit are  

http://www.ijeer.forexjournal.co.in/
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diL2

dt
= x4̇ =

1

L2
x3 +

1

L2
x5 −

(1−
r6

R+r3
)

L2
x6 +

r3

L2
x1 −

(
r3+r4+r5+

R.r6
R+r6

L2
) x4                                                               (11) 

                                                                         
dvc3

dt
= ẋ5 =

−1

𝑐3
x4                                                          (12) 

 

dvc4

dt
= ẋ6 =

R

(R+r6)C4
x4 −

1

(R+r6)c4
x6                        (13) 

 

Output equation 

𝑌(t) =
r6R

R+r6
 x4 +

R

R+r6
x6                                         (14) 

 

State equation matrix form at Turn- ON condition 
 

[
 
 
 
 
 
𝑥1̇

𝑥2̇

𝑥3̇

𝑥4̇

𝑥5̇

𝑥6̇]
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
r1

L1
0 0 0 0 0

0
−1

r1c1
0 0 0 0

0 0
−1

c2(r3+r5)

−r5

c2( r3+r5)

1

c2(r3+r5)
0

0 0
1

L2(1+r3)

−(r4−r3+r3.r4)

L2(1+r3)

r3

r5(1+r5)
0

0 0
1

c3(r3+r5)

−r3

c3(r3+r5)

1

c3(r3+r5)
0

0 0 0 0 0
−1

(R+r6)c4]
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
x1

x2
x3

x4

x5

x6]
 
 
 
 
 

+

[
 
 
 
 
 
 

1

L1

1

𝑟1𝑐1

0
0
0
0 ]

 
 
 
 
 
 

[u]    (15) 

 

Output voltage equation matrix form at Turn - ON condition 
 

[Y] = [0    0   0   0   0   
R

R+r6
  ]   

[
 
 
 
 
 
x1

x2

x3
x4

x5

x6]
 
 
 
 
 

+ [0][u]                      (16)  

                         

State equation matrix form at Turn- OFF condition 
 

[
 
 
 
 
 
𝑥1̇

𝑥2̇

𝑥3̇

𝑥4̇

𝑥5̇

𝑥6̇]
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 
 
 
−(r1+r2+r3)

L1

1

L1

−1

L1

r3

L1
0 0

−1

c1
0 0 0 0 0

(r2+r3)

c2r3
0 0

−1

c2
0 0

r3

L2
0

1

L2

−(r3+r4+r5+(
Rr6

R+r6
))

L2

1

L2

−(1−
r6

R+r3
)

L2

0 0 0
−1

C3
0 0

0 0 0
R

(R+r6)c4
0

−1

(R+r6)c4 ]
 
 
 
 
 
 
 
 
 
 

[
 
 
 
 
 
x1

x2
x3

x4

x5

x6]
 
 
 
 
 

+

[
 
 
 
 
 
 

1

L1

1

r1c1

0
0
0
0 ]

 
 
 
 
 
 

[u]   (17) 

            

Output voltage equation matrix form at Turn - OFF condition 
 

[Y] = [0 0 0   
r4R

(R+r4)
0

R

R+r6
]  

[
 
 
 
 
 
x1

x2

x3
x4

x5

x6]
 
 
 
 
 

+ [0][u]             (18) 

 

░ 4. TRANSFER FUNCTION 

DERIVATION OF NI-CTSLLC 
In State space averaging (SSA) technique, weighted averaging 

of the equations from 15 to 18 yields the complete state space 

description of the NI- CTSLLC in one switching cycle. The 

state and output voltage averaged equations over one complete 

switching cycle is expressed by equations 19 and 20.  

ẋ = Ax(t) + Bu(t)                                           (19) 

y = C(x) + Du(t)                                                (20) 
 

Where, 

  [A] = [A1]K + [A2](1 − k) 

  [B] = [B1]k + [B2](1 − k) 

  [C] = [C1]k + [C2](1 − k) 
 

Where, k and (1-k) are the turn- on and turn-off switching time 

instants. 
 

The matrix A1, B1, C1 during tON mode from equations 15 and 

16 is  
   

𝐴1 =

[
 
 
 
 
 
 
 
 
 
 
r1

L1
0 0 0 0 0

0
−1

r1c1
0 0 0 0

0 0
−1

c2(r3+r5)

−r5

c2( r3+r5)

1

c2(r3+r5)
0

0 0
1

L2(1+r3)

−(r4−r3+r3.r4)

L2(1+r3)

r3

r5(1+r5)
0

0 0
1

c3(r3+r5)

−r3

c3(r3+r5)

1

c3(r3+r5)
0

0 0 0 0 0
−1

(R+r6)c4]
 
 
 
 
 
 
 
 
 
 

    (21)  

       

𝐵1 =

[
 
 
 
 
 
 

k

L1

k

r1c1

0
0
0
0 ]

 
 
 
 
 
 

              𝐶1 = [0    0   0   0   0   
kR

R+r6
]                  (22) 

 

The matrix A2, B2, C2 during   tOFF   mode from equations 17 

and 18 is  
 

𝐵1 =

[
 
 
 
 
 
 

k

L1

k

r1c1

0
0
0
0 ]

 
 
 
 
 
 

              𝐶1 = [0    0   0   0   0   
kR

R+r6
]                  (22) 

 

The matrix A2, B2, C2 during  tOFF   mode from equations 17 and 

18 is  
𝐴2   

=

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
−(1 − k)(r1 + r2 + r3)

L1

(1 − 𝑘)

L1

−(1 − k)

L1

(1 − k)r3

L1

0 0

−(1 − k)

c1

0 0 0 0 0

(1 − k)(r2 + r3)

c2r3

0 0
−(1 − k)

c2

0 0

(1 − k)r3

L2

0
(1 − k)

L2

−(1 − k)(r3 + r4 + r5 + (
Rr6

R + r6
))

L2

(1 − k)

L2

−(1 − k)(1 −
r6

R + r3
)

L2

0 0 0
−(1 − k)

𝑐3

0 0

0 0 0
(1 − k)R

(R + r6)c4

0
−(1 − k)

(R + r6)c4 ]
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

     (23) 

B2 =

[
 
 
 
 
 
 
(1−k)

L1

(1−k)

r1c1

0
0
0
0 ]

 
 
 
 
 
 

    C2 = [0 0 0   
(1−k)r4R

(R+r4)
0

(1−k)R

R+r6
]        (24)                                                 

http://www.ijeer.forexjournal.co.in/
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Table 1 shows the simulation parameters of the NI- CTSLLC 

used in the equations from 19 to 24 to compute the matrices A, 

B, C and D.          
                          

░ Table 1 Simulation Parameters of NI-CTSLLC 
 

Parameters Value 

Input Voltage (Vin) 12 V 

Output Voltage (V0) 108 V 

Inductor (L1) 10 mH 

Inductor (L2) 10 mH 

Capacitor (C1 to C4) 220 µF 

MOSFET operating frequency (f) 100 kHz 

Resistive load ( R ) 470 Ω 

Duty ratio (k) 0.5 

Equivalent Series Resistances (ESR) r1, r2,r3,r4,r5 and r6 0.1Ω 

 

A = 1X103

[
 
 
 
 
 

0
−4.54
2.27
0
0
0

  

0
0
0
0
0
0

  

−0.050
0
0

150
0
0

     

0
0

−3.41
0

−3.41
2.27

 

0
0
0
0
0
0

 

0
0
0

−0.050
0

−0.00967

 

        ]
 
 
 
 
 

    

                                                                                                                                 

B = 1X106

[
 
 
 
 
 
0.000150
2.2727

0
0
0
0 ]

 
 
 
 
 

                   

                                                                                                   

C = [0     0    0    0    0    1]        
 

D = [0] 
 

The state space to transfer function conversion is done using A, 

B, C and D matrices in the MATLAB simulation tool. The 

obtained input to output voltage transfer function of the NI-

PORSLLC is shown in the equation 25. From the transfer 

function, it is observed that the NI- CTSLLC has three zeros 

and six poles.  Zeros of NI-CTSLLC are -169800 and -2100 ± 

j1800 and poles are -2291.9, -2140.5, -137.4 ± j 837.9 and -

136.4 ± j 48.1. Using equations 21 to 23, transfer function of 

the ideal positive output relift type super-lift Luo converter I-

CTSLLC is derived by letting the ESR’s of inductance (r1 ≈ 0  

and  r2 = 0) and ESR’s of capacitances r3 = 0, r4 = 0, r5 ≈ 0 and 

r6 = 0) with exception that ESR’s  r1 and r5 to be chosen close to 

zero. Equation 26 shows the transfer function of the output to 

input voltage for the I-CTSLLC. 
 

The six poles of   I- CTSLLC are -4.18 ± j134, -0.659 ± j849, 0 

and 0. Two Zeros of I- CTSLLC are 2.67x10-14 which is very 

close to zero. 
 
V0(s)

Vi(s)

=
24.94X102s4 + 4.77X107S3 + 2.57X1011S2 + 6.58X1014S + 5.99X1017

S6 + 4979.99S5 + 8.15106S4 + 6.51X109S3 + 4.92X1012S2 + 1.06X1015S + 7.40X1016 

                                                                                             (25) 
V0(s)

Vi(s)
=

1.162X1011S2 − 1.99X10−5S − 8.2157X10−17

S6 + 9.6712S5 + 7.386105S4 + 6.044X106S3 + 1.291X1010S2
 

                                                                                   (26) 

░ 5. TIME AND FREQUENCY 

RESPONSE OF I-CTSLLC AND NI-

CTSLLC 
Equations 25 and 26 are used to plot the time and frequency 

response of NI-CTSLLC and I- CTSLLC. Fig. 8 shows the step 

response comparison of NI- CTSLLC and I-CTSLLC. From the 

comparison, it is observed that the damping of oscillations in 

the transient state of the I-CTSLLC is damped out in the NI- 

CTSLLC step response. It is also observed that the steady state 

is reached in the NI- CTSLLC at 0.03s and in the I-CTSLLC at 

1.4s. Fig. 9 represents the frequency response of the I-CTSLLC 

and NI-CTSLLC comparison. From the response of NI-

CTSLLC, it is observed that at two cross over frequencies the 

oscillations are damped out and smooth transition take place 

due to the effect of ESR’s of the components in the CTSLLC 

[16]. 

 

The gain and phase margin of the NI-CTSLLC are 2.05 dB at 

phase crossover frequency equals to 652 rad/s and 24º at gain 

cross over frequency equals to 465 rad/s.  For I- CTSLLC gain 

margin GM   is -5.9 dB at 790 rad/s and phase margin PM is 

0.549º 
  at 674 rad/s. Since, the two margins are positive in the 

NI-CTSLLC the system is stable.  

 
Figure. 8 Step response comparisons of I-CTSLLC and NI-CTSLLC 

 
Figure. 9 Frequency response comparisons of I-CTSLLC and NI-

CTSLLC 

http://www.ijeer.forexjournal.co.in/
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The step response comparison graph shown in fig. 8, illustrates 

the variation of the output voltage of the converter at ideal and 

non-ideal conditions when the duty ratio of the converter is 

selected as 0.5. It is observed that in an ideal case the gain of 

the converter is equal to 9 while in the non-ideal case the gain 

is approximately equal to 8. For a fixed input voltage of a 12V, 

duty cycle is varied from 0.25 to 0.75 and the output voltage 

variation for ideal and non-ideal CTSLLC is shown in table 2. 
  
It is observed from the table 2, that for 0.5 duty cycle, output 

voltage of NI- CTSLLC is 96 V.  This voltage is 14V less than 

the converter output voltage in the ideal case, this drop in 

voltage is caused due to voltage drop across the parasitic 

resistances of the energy storage elements. 

░ Table 2: Output voltage comparisons of the NI- CTSLLC 

and I- CTSLLC at steady state 
 

Input Voltage (Vi) Duty cycle NI-CTSLLC 

Output voltage (V0) 

I-CTSLLC 

Output voltage (V0) 

12 0.25 61.49 64.42 

12 0.5 96 108.2 

12 0.75 226.16 261.28 

 

Figure 10 shows the output voltage comparison of super lift Luo 

and CTSSLLC for different ratio with the input voltage fixed to 

12 V. From the comparison it is inferred that for 0.5 duty ratio 

the super-lift Luo converter output voltage is equal to 36 V. And 

CTSSLLC output voltage is equal to 108 V.  

 
Figure.10 Output voltage comparisons of Luo and CTSLLC 

 

░ 6. CONCLUSIONS 
Transient, steady state and stability analysis of NI-CTSLLC are 

addressed in this paper by considering the parasitic parameters 

of the passive components. From the study, it is observed that 

there is a damping of oscillation in the transient state and 

decrease of voltage transfer gain at steady state. This decrease 

is due to the voltage drop in the parasitic resistances. It also 

reveals that the stability of the converter at non – ideal condition 

is improved and the system is stable whereas, in ideal condition 

the gain margin is negative and the phase margin to the stability 

is less. This study concludes that the NI-CTSLLC has improved 

the transient state with the reduction in performance at the 

steady state.  This modeling approach can be extended to infer 

the behavior of non-idealities in any DC-DC converter. 
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