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Abstract: DC/DC boost converters are known for presenting highly nonlinear and non-minimum phase 

properties. A predesigned cascade controller and nested reduced-order proportional-integral observers (PIOs) 

are designed to maintain the desirable voltage regulation performance of the cascade controller for a dc/dc 

boost converter subject to reference input change, load change and input voltage variations. In the cascade 

controller design, the fast-inner current loop adopts proportional-integral control and the slow outer voltage 

loop employs integral-proportional control based on a linearized model at a single nominal operating point. 

Unified theoretical analysis is performed by applying singular perturbation theory, which confirms the desired 

approximation of the augmented system with the PIOs to the nominal closed-loop system using the cascade 

controller without accounting for the uncertainties. 

The boost converter was tested via computer simulations using MATLAB under reference input change, load 

change and input voltage variations.  The bode plot analysis of the boost converter is tabulated under load 

change, parametric uncertainties, and input voltage variations and observed that the system is more stable with 

proportional-integral observers (PIOs).  

The boost converter is implemented using hardware components. The output voltage is obtained by giving the 

input through DC 12V battery and solar panel and observed that the output voltage is approximately equal to 

2.5 times the input voltage in both the cases. 
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I. Introduction 
 Toaccommodate varying powerrequirements in a system and optimize energy efficiency, the voltage 

provided bya source can be stepped up or down using DC-DC power converters[1].Thegenerated dc voltage is 

usually low in amplitude and unexpected transient states often result from uncertain load variations. In such 

applications, it is required that the converters provide a highly regulated dc voltage under various system 

uncertainties, such as load change, parametric uncertainties, and input voltage variations.  

 In order to gain a deep understanding of the operation and designing aspects involved with 

conventional step-up converter, a mathematical model to accurately evaluate performance is developed in 

MATLAB environment. The circuit isevaluated using the model under varying operating conditions and 

parasitics. Asa result, a better understanding of the issues involved in converter design forbetter performance is 

achieved. In this paper we have performed the stability analysis of the system and observed that the system is 

more stable for duty cycle D=0.8 and the system is more stable using cascade (PI & IP) Controllers along with 

PI observers rather than using only cascade controllers. 

The same system is developed using hardware and the outputs were obtained in such a way that it is almost 

equal to 2.5 times the input. 

 

II. Various control strategies 
2.1. Pulse-width modulation  

 Pulse-width modulation (PWM), or pulse-duration modulation (PDM), is a way of describing a digital 

(binary/discrete) signal that was created through a modulation technique, which involves encoding 

a message into a pulsing signal. Although this modulation techniquecan be used to encode information for 

transmission, its main use is to allow the control of the power supplied to electrical devices, especially 

to inertial loads such as motors. In this paper,in order to generate the required pulse width modulation signal, the 

output signal is compared with the reference input signal. 

 

https://en.wikipedia.org/wiki/Modulation
https://en.wikipedia.org/wiki/Message
https://en.wikipedia.org/wiki/Pulse_(signal_processing)
https://en.wikipedia.org/wiki/Inertial
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2.2. P-I controller & I-P controller 

 The proportional-integra1 (P - I) is one of the conventional controllers and it has been widely used for 

the speed control of dc motor drives. The major features of the (P - I) controller are its ability to maintain a zero 

steady-state error to a step change in reference and its simple and straight- forward microprocessor 

implementation. On the other hand (P-I) controller has some disadvantages such as the undesirable speed 

overshoot, the sluggish response due to sudden change in load torque and the sensitivity to controller gains Kp, 

and Ki[4]. 

 The (P - I) controller has a proportional as well as an integral term in the forward path.The integral 

controller has the property of making the steady-state error zero for a step change, although a (P - I) controller 

makes the steady-state error zero, it may take a considerable amount of time to accomplish this.The (I - P) 

controller[4] has the proportional in the feedback path and it acts like a feedback compensation.The (P - I) and (I 

- P) controllers have the same characteristic equations, andthe zero introduced by the (P – I) controller is absent 

in the case of the (I-P) controller. Therefore, the overshoot in the speed, for a step change in the input reference 

R(S), is expected to be smaller for the (I- P) control. Therefore, the response to a load disturbance is expected to 

be very similar for both (P - I) and (I - P) controllers. 

 

2.3. Proportional Integral observer  

 Observers play a crucial role in control because some control methods require the accurate estimation 

of system to realize the closed loop control tasks.High-quality performance could be achieved through the 

estimation of unknown inputs affecting the system such as disturbances or model uncertainties. Beside the 

estimation of states and unknown inputs, observers are also able to increase the control performance[3]. 

 Estimation of system states and unknown inputs based on the system input-output can be solved for 

linear system using Proportional-Integral-Observer. Because of non-efficiency of proportional observers in the 

presence of unknown input acting to the system, PI-Observer hasbeen proposed to estimate unknown 

inputs[3].Luenbergerobserver is widely used in classical control field because of its capability to estimate 

system states.This observer has two feedback loops to be designed. Both (the proportional and the integral loop) 

loops are used as feedback to reconstruct not only the system states but also the disturbances, unmodeled 

dynamics, or modelling errors as nonlinearities assumed as additive acting inputs. 

 A general model for a linear time invariant system with unknown inputs can be described as 

 

 
 with the state vector x(t) є Rn, input vector u(t) є Rm, measurement vector y(t) є Rr, unknown input 

d(x,t) єRl, measurement noise h(t) є R, and unmodeled dynamics g(x,t) єRp. Here the unknown input d(x,t) and 

the input matrix N are used to model the additive unknown inputs. Depending on the design approach, 

knowledge about the dynamics of d(x,t) is assumed (disturbance observer) or not assumed (Proportional-Integral 

observer). Matrices A, B, and C are assumed as known and of appropriate dimensions.  

 

III. Performance of boost converter with controllers & observers 

 A Reliable dc/dc boost conversion stage is essential for various industrial applications, including 

renewable energy sources, because the generated dc voltage is usually low in amplitude and unexpected 

transient states often result from uncertain load variations. In such applications, it is required that the converters 

provide a highly regulated dc voltage under various system uncertainties, such as load change, parametric 

uncertainties, and input voltage variations. In order to achieve high performance despite system uncertainties, 

cascade control or current mode control is used which uses two first-order systems for the control 

implementation. 

 Cascade control deals with current and voltage dynamics separately, and the controller design is 

composed of inner-loop current control and outer-loop voltage control, in a cascade manner. For example, a 

backstepping approach was employed for systematic control design. Zhong and Hornik proposed a cascaded 

current–voltage control method using the H∞control strategy. An adaptive controller was proposed to reduce the 

output voltage ripple caused by disturbances in the input voltage. Digital implementation of a two-loop 

controller having sliding-mode current control and proportional– integral (PI) voltage control was developed.  

 This paper presents a new cascade controller for dc/dc boost converters. We have used integral-

proportional (IP) control for the outer-loop and PI control for the inner-loop to produce the desired control of the 

nominal closed-loop system. However, because the dc/dc boost converter is a highly nonlinear system, the IP–PI 

cascade control scheme, based on a linearized model, may not achieve the desired performance in the presence 

of parametric uncertainties and input voltage variations. In order to provide a robust transient performance 

against various uncertainties, nested reduced-order PIOs are incorporated with the predesigned cascade control 

structure. 
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 In thispaper, the theoretical analysis along with the simulation of boost converter with existing 

controllers was conducted under three different cases: reference input change, load change, and input dc voltage 

variation by using a programmable dc power source.  

 

The contribution of thispaper is as follows.  

1) A cascade control approach is presented for a dc/dc boost converter by combining an IP–PI cascade control 

and nested reduced-order PIOs to maintain desirable performance of the nominal closed-loop system using the 

predesigned cascade controller without accounting for various uncertainties. 

2) Theoretical analysis is performed on the performance of the closed-loop converter system with the PIOs, 

which confirms the desired approximation of the augmented system to the nominal closed-loop system without 

accounting for the uncertainties. 

3) Bode plot analysis of the circuit is performed under reference input change, load change, and input dc voltage 

variation by using a programmable dc power source. 

4) Hardware circuit was implemented and it is tested using DC battery of 12V and solar panel as inputs. 

 

3.1.Cascade control for nominal performance 

3.1.1 Linearized model of Boost Converter 

 This paperdeals with the output voltage regulation problem of the dc/dc boost converter shown in 

Fig.1. The model accounts for a parasitic resistance RLof the inductor and a current-sensing resistor Rsto 

represent unavoidable voltage drops. While other parasitic elements can be includedas in[8], the model ofFig.1 

is a result of the trade-off between exact model description and controller design simplicity.  

 

 
 

Figure1. DC/DC boost converter model with RLand Rs 

 

The mathematical model of Fig1. is described by 

 

∶  
ⅆⅈ

ⅆ𝑡
= −

𝑅𝐿

𝐿
ⅈ−  1 − 𝑑  

𝑅𝑠

𝐿
ⅈ+

1

𝐿
𝑣 +

𝐸

𝐿
 

    ----(2a) 

: 
ⅆ𝑣

ⅆ𝑡
=  1 − 𝑑 

1

𝐶
ⅈ−

1

𝑅0𝐶
𝑣 

    ----(2b) 

 where „i‟ is the inductor current, v is the output voltage, and E is the dc input. The duty ratio d (0 ≤ d ≤ 

1), defined as the ratio of the on duration of the switch to the switching time period Ts, controls the output 

voltage by adjusting the on duration[9]. The parameters L, C, and Rodenote the inductance, capacitance, and 

load resistance, respectively. All parameters, including the input voltage E, are assumed to be uncertain and/or 

slowly varying with known nominal values.  

When the desired output voltage is Vd(Vd> E), the equilibrium values of iand d are given by 

 

: 𝐼 =
𝑉𝑑

 1−𝐷 𝑅0
     

----(3a) 

 

: 𝐷 = 1 −
1

2
 
𝐸

𝑉𝑑

−
𝑅𝑠

𝑅0

+   
𝐸

𝑉𝑑

−
𝑅𝑠

𝑅0

 
2

−
4𝑅𝐿

𝑅0

  

        ----(3b) 

The Jacobian linearization of (2) at the equilibrium point (i, v, d) = (I, Vd,D) yields 
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: 𝑥 1 = −
𝑅1

𝐿
𝑥1 +

𝑉1

𝐿
 𝑢 − 𝛾1

1 − 𝐷

𝑉1

𝑥2 − 𝑓𝐶  

    ----(4a) 

: 𝑥 2 = −
1

𝑅0𝐶
𝑥2 +

1 − 𝐷

𝐶
 𝑥1 − 𝛾2

𝐼

1 − 𝐷
𝑢 − 𝑓𝑣  

         ----(4b) 

where x = [i−I, v −Vd]
T
, u = d −D, R1 = RL+ Rs(1 −D), V1 = RsI+ Vd, and γ1 = γ2 = 1; fcand fvrepresent equivalent 

lumped disturbances, including unmodeled dynamics. Fig.2 describes the block diagram of system (4). 

 
 

Figure2. Block diagram of the linearized system 

 

3.1.2.Ideal Cascade Control Using IP and PI Controllers 

 

When fc = fv= 0 in Fig. 2, the transfer function from u to x2is given by  

 

: 𝐺 𝑠 =
−

𝛾2𝐼
𝐶

 𝑠 −
 1 − 𝐷 𝑉1

𝑟2𝐿𝐼
+

𝑅1

𝐿
 

 𝑠 +
𝑅1

𝐿
  𝑠 +

1
𝑅0𝐶

 + 𝛾1
 1 − 𝐷 2

𝐿𝐶

 

     ----(5) 

 where the zero is unstable for practical circuit parameters[9]. It is noted that the transfer function can 

be a cascade of two first-order minimum phase systems if γ1 = γ2 = 0. In order toobtain desirable nominal 

performance of a closed-loop converter system, this paper presents a cascade controller for (5) without 

accounting for the disturbances fcand fv. The controller comprises two parts: 1) an outer (voltage-loop) IP 

controller; and 2) an inner (current-loop) PI controller. The two conventional controllers are depicted in 

Fig.3[4].  The closed-looptransfer function with the IP controller does not have an additional zero, which is 

often helpful for reducing the overshoot of the output response.  

 

 
Figure3 (a). Two conventional controllers. (a) PI controller 

 

 
Figure3(b). IP controller 
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----- (9) 

----- (10) 

 The outer-loop IP controller generates the reference x1
*
for the inner loop. Following the back-

steppingapproach[10], the state x1in (4b) is first assumed to be a virtual control input x1
*
for the voltage loop. 

Whenx2
*
is the desired value of x2, the IP controller with a feedforward cancellation term is  

: 𝑥1
∗ = −𝑘1𝑥2 + 𝑘2  𝑒2 ⅆ𝜏

𝑡

0
+

𝐼

1−𝐷
𝑢         ----

(6) 

where e2 = x2
*
−x2, and k1and k2are the control gains.  

 

The closed-loop characteristic polynomial is given by 

 

: 𝑠2 +  
1

𝑅0𝐶
+

1−𝐷

𝐶
𝑘1 𝑠 +

1−𝐷

𝐶
𝑘2 

       ≔ 𝑠2 + 2𝜁𝑣𝜔𝑣𝑠 + 𝜔𝑣
2 

      

where ζvand ωvare the design parameters to be determined. 

 

 The inner-loop PI controller adjusts the duty ratio to make the state x1track the reference x1
*
. The PI 

controller design is based on the technical optimum scheme, and use of the controller results in a simple first-

order closed-loop system. The PI controller with a feedforward term is given by  

: 𝑢 =
𝜔𝐶𝐿

𝑉1

𝑒1 +
𝜔𝐶𝑅1

𝑉1

 𝑒1 ⅆ𝜏

𝑡

0

+
1 − 𝐷

𝑉1

𝑥2 

     

where e1 = x1
*
−x1, and ωcis the bandwidth of the current-loop system. After a stable pole/zero cancellation, the 

closed-loop transfer function is obtained as 

: 𝑋1 𝑠 =
𝜔𝑐

𝑠 + 𝜔𝑐

𝑋1
∗ 𝑠  

     

where x1is the Laplace transform of x1. Choosing the bandwidth ωcas a sufficiently large value, it can be 

obtained that x1 ≈ x1
*
. This implies that the control problem for (4) can be solved by (9) with (6) when fc= fv= 0. 

 

 Although two integrators are employed in the IP–PI cascade control scheme, nominal performance 

could not be achieved under the combined presence of parametric uncertainty, input voltage variation, and 

disturbances fcand fv. Performance degradation of the real closed-loop system is compensated via nested 

reduced-order PIOs. 

 

3.1.3.Robust performance via nested reduced-order PIOs 

 Since this approach deals with the two first-order systems (4) separately but in the same manner, this 

section first considers the representative first-order system of Fig4(a), associated with the real uncertain 

parameters arand br, and the disturbance f. The actual parameters arand br and so on corresponding to Fig (4a) 

and Fig(4b) are listed in table 1. 

 

 
Figure4. Performance recovery using PIO. 

 

 (a) Feedforward compensation using 𝑓𝑒 

 
Figure4(b). Nominal system 

 

 

 

 
 

---- (7) 

----- (8) 
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The signal μrcan be treated asthe reference in Fig 4(a), but it will become the signals μrcand μrvas shown in Fig.5. 

 
Figure5.Cascade IP–PI control using nested reduced-order PI observers 

 

 The objective of the reduced-order PIO in this section is to design 𝑓 𝑒so that the system of Fig.4 (a) 

behaves in the same way as the system of Fig.4(b) after the fast transient of 𝑓 𝑒 . anand bnare the nominal values of 

arand br, respectively.  

The system of Fig.4 (a) is described by 

 

: 𝑦 = −𝑎𝑟𝑦 + 𝑏𝑟 𝜇 − 𝑓    ---(11) 

where ar>0 and br>0 (see Table1).  

 

TABLE1. Converter Parameters for the Observer Design 
PARAMETER PIOC (CURRENT 

LOOP) 

PIOV (VOLTAGE 

LOOP) 

an ( ar ) R1 / L 1 / R0 C 

bn( br ) V1 / L ( 1 – D ) / C 

f ( 1 – D ) x2 / V1 + fc ( I u ) / (1 – D ) + fv 

𝑓 𝑒  𝑓 1
𝑒  𝑓 2

𝑒  

µ u x1
* 

µr µrc µrv 

y x1 x2 

 

In order to account for parametric uncertainties, (11) is rewritten as 

 

: 𝑦 = −𝑎𝑛𝑦 + 𝑏𝑛 𝜇 − 𝑓𝑒  
    ----(12a) 

: 𝑓𝑒 =  𝑎 𝑦 − 𝑏 𝜇 + 𝑏𝑟𝑓 ∕ 𝑏𝑛  
    ----(12b) 

where 𝑎 = ar−anand 𝑏 = br−bn.  

When h:= fe, the following system is considered as the model of (11): 

 

:  
𝑦 
𝑓𝑒
 =  

−𝑎𝑛 −𝑏𝑛

0 0
  

𝑦
𝑓𝑒
 +  

𝑏𝑛

0
 𝜇 +  

0
ℎ
  

    ----(13) 

When the disturbance feis supposed to vary slowly relative to the observer dynamics, the reduced-order 

observer can be designed to estimate the disturbance as follows: 

 

: 𝑓  
𝑒 = 𝑙 𝑓𝑒 − 𝑓 𝑒 = 𝑙 −𝑦 − 𝑎𝑛𝑦 + 𝑏𝑛𝜇 − 𝑏𝑛𝑓 𝑒 /𝑏𝑛  

         ----(14) 

where the observer gainl >0. In order to implement (4.13) without using 𝑦 , a new variable ξ is defined as  

 

: 𝜉 = 𝑓 𝑒 +
𝑙

𝑏𝑛

𝑦 

Or∶  𝑓 𝑒 = 𝜉 −
𝑙

𝑏𝑛
𝑦    
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 ----(15) 

using (14), the reduced-order PIO is rewritten as  

 

 

: 𝜉 = −𝑙𝜉 +
𝑙

𝑏𝑛

 −𝑎𝑛 − 𝑙 𝑦 + 𝑙𝜇 = −𝑙
𝑎𝑛

𝑏𝑛

𝑦 + 𝑙𝜇𝑟  

         ----(16) 

with 𝜇 = 𝜇𝑟 + 𝑓 𝑒  , as shown in Fig4(a).  

 

 The robustness analysis of the augmented system (11) with (14) was provided in [7] using a Lyapunov 

function approach and singular perturbation theory. For subsequent unified analysis, an enhanced Lyapunov 

function approach by using the boundedness of h. 

substituting (11) and 𝜇 = 𝜇𝑟 + 𝑓 𝑒 into (14) yields 

 

: 𝑓  𝑒 = 𝑙 𝑎𝑟𝑦 − 𝑏𝑟 𝜇𝑟 + 𝑓 𝑒 − 𝑓 − 𝑎𝑛𝑦 + 𝑏𝑛𝜇𝑟 /𝑏𝑛  
         ----(17) 

when the observer gain l is sufficiently large, the systems described by (11) and (17) can be written in the 

standard singular perturbation form as follows: 

 

: 𝑦 = −𝑎𝑟𝑦 + 𝑏𝑟 𝜇𝑟 + 𝑓 𝑒 − 𝑓  
         ----(18a) 

 

: 𝜖𝑓  𝑒 =
𝑎𝑟

𝑏𝑛

𝑦 −
𝑏𝑟

𝑏𝑛

 𝜇𝑟 + 𝑓 𝑒 − 𝑓 −
𝑎𝑛

𝑏𝑛

𝑦 + 𝜇𝑟  

         ----(18b) 

 where ε=1/l.According to the singular perturbation analysis, the variables y, μr, and f in (18) are regarded as the 

slow variables, whereas the state 𝑓 𝑒  stable.  

 

Since all the parameters are positive, system (18) is stable. Moreover, the boundary-layer system (18b) is also 

stable and the quasi-steady-state solution 𝑓 𝑒of (18b) satisfies 

 

: −𝑎𝑟𝑦 +  𝑏𝑟 𝜇𝑟 + 𝑓 𝑒 − 𝑓  = −𝑎𝑛𝑦 + 𝑏𝑛𝜇𝑟  

   ----(19) 

Therefore, in the quasi-steady-state, (18) becomes 

 

: 𝑦 = −𝑎𝑛𝑦 + 𝑏𝑛𝜇𝑟  
   ----(20) 

 which describes the same system as the nominal system of Fig4(b). This implies that the nominal 

performance of Fig4(b) can be recovered by using the reduced-order PIO approach after the fast transient of 𝑓 𝑒 in 

the presence of parametric uncertainties as well as the disturbance f. 

The complete analysis on the performance recovery property of the reduced-order PIO can be relaxed by using 

multiple integrals of the estimation error as in [11],[12]. 

Since the error 𝑦 between the real system and the nominal system becomes arbitrarily small, the control input 

μrin Fig4(a) can be designed without accounting for parametric uncertainties and the disturbance as in Fig4(b). 

 Motivated by the nominal performance recovery property, the reduced-order PIO (15), (16) is 

incorporated with the predesigned controller to maintain the desired dynamic performance of the nominal 

closed-loop system. Substituting µ = 𝜇𝑟𝑐 + 𝑓 1
𝑒   into (4a), as shown in Fig5, the current-loop equation is 

rewritten as  

 

: 𝑥 1 = −
𝑅1

𝐿
𝑥1 +

𝑉1

𝐿
 𝜇𝑟𝑐 + 𝑓 1

𝑒 − 𝑓1  

    ----(21) 

where f1 = (1 −D)x2/V1 + fc. The feedforward term in (9) has been included in the lumped disturbance f1. 

 

As in (15) and (16), the PIOcis designed by  
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: 𝑓 1
𝑒 = 𝜉𝐶 − 𝑙𝐶

𝐿 

𝑉 1

𝑥1  

   ----(22a) 

: 𝜉 𝑐 = −𝑙𝑐
𝑅 1

𝑉1
 

𝑥1 + 𝑙𝑐𝜇𝑟𝑐  

    ----(22b) 

 

where lc>0. The parameters with bar symbols represent the nominal values. After a fast transient of 𝑓 1
𝑒 , the real 

system (21) with (22) can be approximated by the nominal system: 

 

: 𝑥 1 = −
𝑅 1

𝐿 
𝑥1 +

𝑉 1

𝐿 
𝜇𝑟𝑐  

    ----(23) 

The inner-loop PI controller (PIc) is given by 

: 𝜇𝑟𝑐 =
𝜔𝑐𝐿 

𝑉 1

𝑒1 +
𝜔𝑐𝑅 1

𝑉 1

 𝑒1 ⅆ𝜏

𝑡

0

 

    ----(24) 

 

 where e1 = 𝑥1
∗−x1and 𝑥1

∗= μrv+𝑓 2
𝑒(see Fig.5). The controller (24) has a simplified form without the 

feedforward term in (9) because the term has been compensated by PIOc. Applying (24) to (23) yields the 

closed-loop system (10). This implies that the objective of the inner-loop control has been accomplished by µ= 

μrc+ 𝑓 1
𝑒 . 

The cascaded connection of the closed-loop dynamics (10) and the voltage loop (4b) can be described by 

 

: 𝑥 2 = −
1

𝑅0𝐶
𝑥2 +

1 − 𝐷

𝐶
 𝑥1 − 𝑓2  

   ----(25a) 

 
1

𝜔𝑐

𝑥 1 = −𝑥1 + 𝑥1
∗ 

    ----(25b) 

 

 where f2 = (Iu)/(1 −D) + fv. The cascaded system described by (25) is in the standard singular 

perturbation form when the current-loop bandwidth ωcis sufficiently large. Since the boundary-layer system 

(25b) is stable, the quasi-steady state solution can be given byx1 =𝑥1
∗. Hence, it follows from𝑥1

∗ = 𝜇𝑟𝑣 + 𝑓 2
𝑒 that 

the system (25a) is represented in the quasisteady-state as 

 

: 𝑥 2 = −
1

𝑅0𝐶
𝑥2 +

1 − 𝐷

𝐶
 𝑢𝑟𝑣 + 𝑓 2

𝑒 − 𝑓2  

    ----(26) 

The PIOvfor constructing 𝑓 2
𝑒   is given by 

 

: 𝑓 2
𝑒 = 𝜉𝑣 − 𝑙𝑣

𝐶 

1 − 𝐷 
𝑥2  

    ----(27a) 

 

: 𝜉 𝑣 = −𝑙𝑣
1

 1 − 𝐷  𝑅0
   

𝑥2 + 𝑙𝑣𝜇𝑟𝑣  

    ----(27b) 

 

where lv >0. In the same way as the current loop, after a fast transient of 𝑓 2
𝑒 , (26) with (27) can be approximated 

by 

 

: 𝑥 2 = −
1

𝑅 0𝐶 
𝑥2 +

1 − 𝐷 

𝐶 
𝜇𝑟𝑣  

    ----(28) 
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 As the last step of the proposed controller design, the outer loop IP controller (IPv) is given by  

 

: µ
𝑟𝑣

= −𝑘1𝑥2 + 𝑘2  𝑒2 ⅆ𝜏
𝑡

0
      ----(29) 

 

where 𝑒2 = 𝑥2
∗ − 𝑥2, and k1and k2are the control gains. Since the characteristic polynomial of (28) and (29) is 

given by 

 

: 𝑠2 +  
1

𝑅 0𝐶 
+

1 − 𝐷 

𝐶 
𝑘1 𝑠 +

1 − 𝐷 

𝐶 
𝑘2 

    ----(30a) 

: = 𝑠2 + 2𝜁𝑣𝜔𝑣
𝑠 + 𝜔𝑣

2 
   ----(30b) 

 

the control objective of the outer loop can be achieved if ζvand ωv(or, k1and k2) are selected such that the 

polynomial (30) is Hurwitz. 

 If the observer gains lvand lcare sufficiently large, the PIOvand PIOcrecover the nominal performance 

of the proposed IP–PI cascade controller without accounting for parametric uncertainties, input voltage 

variations, and unmodeled dynamics. It is suggested, for the controller design, to set ωv< lv<ωc<lc. Indeed, the 

nominal system recoverycan be obtained whenlc>ωc, and ωc>lv. Finally, by using the equation µ = 𝜇𝑟𝑐 + 𝑓 1
𝑒  the 

control objective is accomplished by the proposed controller. 

 

III. Stability analysis 
4.1. Bode plot analysis 

Bode plots are used for determining the relative stabilities of the given system.  

 

The transfer functions of Boost converter as shown in Fig5 under various conditions are as follows: 

 

1.Boost converter without any controllers: 

 

𝐺 𝑠 =
−4000 𝑆 −  1 − 𝐷 ⋅ 947 × 106 + 1270 

 𝑠 + 1270  𝑠 + 250 +  1 − 𝐷 2
 

 

-----(31) 

 

 

2. Boost Converter with PI & IP controllers: 

 

: 𝐺𝐶 𝑠 =
𝐺 𝑠 ⋅  𝑠 +

𝑘𝑖

𝑘𝑃
 𝑘𝑃𝑘2

 𝑠2 + 𝑘1𝑘2𝑠 
 

----(32) 

3. Boost converter with PI & IP controllers along with PI observers: 

 

: G
PIO

 s = GC s 
 1 − D 

C s + 250 

0.378 × 106

 s + 1268.9 
 

                                                                                                                  ----(33) 

 

4.2. Stability conditions of bode plots 

Stability conditions are given below: 

1. For Stable System: Both the margins should be positive or phase margin should be greater than the gain 

margin. 

2. For Marginal Stable System: Both the margins should be zero or phase margin should be equal to the 

gain margin. 

3. For Unstable System: If any of them is negative or phase margin should be less than the gain margin. 
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4.3. Analysis values 

 

Calculation of gain margin (G.M) and phase margin (P.M) for different „D‟ values are tabulated and is as 

showm in Table2. 

 

TABLE2. Bode Plot Analysis Values 

 
 

 From the above tabulation, it is observed that the boost converter with Proportional Integral Observers 

along with PI – IP controllers is more stable compared to the boost converter without controllers and also with 

PI & IP controllers and it occurs for duty cycle D = 0.8.  

 

4.4. Bode plots for duty ratio D=0.8 

Bode plots for the system shown in Fig.5 are as shown in Figs 6, 7, 8. 

 
Figure6. Bode plot of Boost converter without controllers 

-50

-40

-30

-20

-10

M
a
g
n
it
u
d
e
 (

d
B

)

10
0

10
1

10
2

10
3

10
4

10
5

10
6

90

135

180

225

270

P
h
a
s
e
 (

d
e
g
)

Bode Diagram

Frequency  (rad/sec)



Designof Boost Converter with Pi & Ip Controllers and Pi Observer 

www.ijesi.org                                                       73 | Page 

 
Figure7.Bode plot of Boost converter with PI -IP controllers 

 

 
Figure8. Bode plot of Boost converter with PI -IP controllers & PIO 

 

IV. Experimental results 
 The boost converter as shown in Fig. 5 was tested via MATLAB simulations under reference input 

change, load variation and input voltage variations. The performance tests were conducted for three cases: 

a) The desired voltage Vd= 10 V was changed to 10.2 V att = 0.2 s; it was then returned to 10 V at t = 0.21 s and 

the same changes were applied at 0.6s and 0.61s respectively. 

 

b) The load resistancewas varied fromRo =40.0ΩtoRo =20.0 Ω by a toggle switch. 

 

c) The input voltage E was varied from 10 V to 20 V by aprogrammable dc power supply. 

 

 The results of computer simulations are as follows: 

 

 
Figure9(a). Input voltage of boost converter with PI & IP controllers under reference inputvariations 

 

-250

-200

-150

-100

-50

0

50

M
a
g
n
it
u
d
e
 (

d
B

)

10
-2

10
0

10
2

10
4

10
6

0

90

180

270

360

P
h
a
s
e
 (

d
e
g
)

Bode Diagram

Frequency  (rad/sec)

-200

-150

-100

-50

0

50

100

M
a
g
n
it
u
d
e
 (

d
B

)

10
-2

10
0

10
2

10
4

10
6

-360

-180

0

180

360

P
h
a
s
e
 (

d
e
g
)

Bode Diagram

Frequency  (rad/sec)



Designof Boost Converter with Pi & Ip Controllers and Pi Observer 

www.ijesi.org                                                       74 | Page 

 
Figure9(b).Output voltage of boost converter with PI & IP controllers under reference inputvariations 

 

 

 
Figure10(a). Input voltage of boost converter with PI & IP controllers under load variations 

 

 
Figure10(b). Output voltage of boost converter with PI & IP controllers under load variations 
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Figure11(a). Input voltage of boost converter with PI & IP controllers under input voltagevariations 

 

 

 
Figure11(b). Output voltage of boost converter with PI & IP controllers under input voltage variations 

 

 
Figure12(a). Input voltage of boost converter with PI & IPcontrollers and PIO underreferenceinputvariations 
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Figure12(b). Output voltage of boost converter with PI & IP controllers and PIO under reference 

inputvariations 

 

 

 
Figure13(a). Input voltage of boost converter with PI & IP controllers and PIO under loadvariations 

 

 
Figure13(b). Output voltage of boost converter with PI & IP controllers and PIO under loadvariations 
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Figure14(a). Input voltage of boost converter with PI & IP controllers and PIO under input voltage variations 

 

 
Figure14(b). Output voltage of boost converter with PI & IP controllers and PIO under input voltage variations 

 

 Experimental results in above Figscompared the boost converter with nested PIO along with PI – IP 

controllers and without PIOs from the simulation results. Owing to the measurement noise, the results show a 

little noisy response. The results of case a show that the system with PIOs almost preserved the nominal 

performance in the transient period. In the cases of b and c, the system with PIOs recovered the nominal 

performance after a short transient response. The results suggest that the proposed method using nested PIOs 

could be used effectively to maintain the desired dynamic performance against various uncertainties of the boost 

converter. 

 

V. Hardware implementation of boost converter 
 The boost converter was designed using various components like 555 timer, power MOSFET and 

potentiometer. The 555timer was used to generate the necessary triggering for the MOSFET as 555 timer can 

produce stable time delays. The hardware implementation circuit diagram and its output when connected to DC 

battery of 12 V and to solar panel are represented in this paper. 

 Fig15.  shows the hardware representation of boost converter in which the conventional switch 

operation was performed using power MOSFET. The necessary pulse signals for the MOSFET was applied by 

using 555 timer. 
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Figure15. Hardware implementation of boost converter 

 

Fig 16. shows the output of boost converter when  

it was connected to DC supply. 

 

 
Figure16. Output of boost converter when 

 

it was connected to DC supply 

 

Fig. 17 (a) & (b) shows the input givento the circuit and output of boost converter  

 

when the input was connected to solar panel. 
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Figure17(a). Input of the boost converter circuit when the input was connected to solar panel 

 

 
Figure17(b). Output of boost converter circuit when the input was given by solar panel 

 

From the above inputs and outputs, we can observe that the boost converter which was designed using hardware 

components steps up its voltage level to almost nearer to 2.5 times the input voltage.  

 

VI. Conclusion 
 This paper has presented a robust controller for regulating the output voltage of a dc/dc boost 

converter. In order to obtain a nominal desirable dynamic response, the cascaded PI andIP controllers were 

designed for a linearized model without accounting for the uncertainties. The predesigned cascade controller 

was combined with nested reduced-order PIOs to maintain the desired voltage regulation performance under 

various uncertainties. Theoretical analysis based on singular perturbation theory and a Lyapunov function 

approach confirmed the approximation of the augmented closed-loop system to the nominal closed-loop system.  

 

Computer simulations showed that the system could be effectively used to handle significant plant uncertainties, 

such as load change, parametric uncertainties, and input voltage variations. 

 The stability analysis of the system was performed using bode-plot analysis and tabulated the gain 

margin and phase margin values of the system for different duty ratios. It was observed that the system was 

more stable at D = 0.8.  
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 The boost converter was implementedusing hardware components and obtained the output voltage 

approximately equal to 2.5 times the input voltage when the input was given using DC 12V battery and also by 

using solar panel. 
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